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PREFACE TO
THE REVISED EDITION

Since the original edition of this book was published, the thematic 
analysis of scientific work has come to be used increasingly in histor
ical, philosophical, and sociological researches as well as in the class
room, making necessary several successive printings. I was asked by 
the Director of Harvard University Press to provide a second, revised 
edition of the book, and I have gladly acceded to this request.

The /ŵ rodMctioM, which is essentially a condensed version of the /w- 
trodMciiow to the first edition with a few supplementary references, 
spells out the main aims of this volume and provides an overview of its 
contents. Here I merely wish to draw attention to the main differences 
between the first and second editions.

In Part I, On tAe dua/y.sM o/̂ ScMwce, I have added as the fifth
chapter a new case study, centering on the rise of quantum physics 
research. It can serve as a demonstration of the way a major develop
ment in the history of science can be understood in terms of the in
teraction of thematic, institutional, personal, and other factors, as set 
forth in the section "Dimensions of Modern Historical Scholarship" in 
the /wtrô MchoM.

In Part II, Ow Rg/ahvAy TÂ ory, I have brought together in Chapter 6,
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On fbe Origins o/ fbo .S'pocta/ Theory o/ R̂ iafiuity, the materia! previously 
divided among Chapters 5, 6, and 7. And in Part III, On f/tg Growi/t 
Pbysicai .Sctonoo, the new Chapter 12, entitled Aa'ois Po/tr awd fbg /nfggrity 
o/" Sconce, replaces the last three chapters of the first edition; it deals 
with both the positive and the negative aspects of the timely question 
of how science, in this period of rapid growth and intense competition, 
can best hold on to its moral function in our culture.

Last but not least, the Postscript is intended chiefly as a pedagogic aid 
to be used in connection with the individual parts or chapters, as an 
indication of developments that have occurred since the appearance of 
the first edition. It contains bibliographical references to informative 
commentators on thematic analysis or on specific case studies, as well 
as occasional comments to point to some of my own additional 
thoughts and to publications that might complement the study of these 
pages.

If this work needs an epigrammatic precept, I know of none better 
than Einstein's observation in his 1916 essay on Ernst Mach:

When I turn to science not for some superficial reason such as money-making 
or ambition, and also not (or at least not exclusively) for the pleasure of the 
sport, the delights of brain-athletics, then the following questions must burn- 
ingly interest me as a disciple of this science: What goal will and can be reached 
by the science to which I am dedicating myself? To what extent are its general 
results "true?" What is essential, and what is based only on the accidents of 
development? . . .

Concepts which have proved useful for ordering things assume easily so 
great an authority over us, that we forget their terrestrial origin and accept 
them as unalterable facts. They then become labelled as "conceptual neces
sities," "a priori givens," etc. The road of scientific progress is frequently 
blocked for long periods by such errors. It is therefore not just an idle game to 
exercise our ability to analyse familiar concepts, and to demonstrate the condi
tions on which their justification and usefulness depend, and the way in which, 
in specific cases, they developed.

GcraM /Voiton 
/cpfcrsow Pbysicat Laboratory 

Tfaroarti Gwwcrstty
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INTRODUCTION

!ms BOOK concerns itself with an investigation into what is gen
erally called "the history of science and related studies." The 

clumsiness of that phrase signals the need for a new approach, one 
that is centered on history of science but does not hesitate to look also 
for fruitful ideas in fields ranging from philosophy and sociology of 
science to psychology and aesthetics. An approach of this sort will be 
presented here. Throughout the book a chief aim is to inquire, by 
means of specific case studies of physical scientists from Kepler to 
Einstein and Bohr, how the scientific mind works.

For this purpose, four things had to be done. First, I have in
troduced new conceptual tools, above all that of the "thematic" content 
of science, a dimension quite apart from the empirical and analytical 
content. Themata are shown to play a dominant role in the initiation 
and acceptance or rejection of certain key scientific insights. Second, a 
major case study has been opened up—one on which practically no 
historical scholarship existed when the material on it in Part II was first 
gathered. The case is the origins of the special theory of relativity, 
singled out because it determined so much of the agenda and 
methodology of contemporary science and because the rich and often
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THEMATIC ORIGINS

counterintuitive material challenged most of the earlier approaches to 
the historical study of science. In addition, I was fortunate in obtaining 
first access to the unpublished letters and manuscripts in the NacAAns 
of Albert Einstein at Princeton, when I was asked by Einstein's estate to 
prepare the initial survey of the extensive archives.

Third, where available documents permit, I have focused attention 
on that revealing stage of the individual's scientific work which may be 
called the nascent phase—that interval of science-in-the-making be
fore the finished work is assembled and, more often than not, is "made 
to look inevitable," as Louis Pasteur counseled. And fourth, I have 
tried to demonstrate an approach that takes into account the existence 
of as many as possible of the full set of factors that shape every major 
case study.

These four main tasks are of course related. Thus the set of thematic 
elements operative in a case study is one of the factors that should be 
brought into the light of day in order to understand a particular devel
opment fully, and particularly its nascent phase.

I shall shortly discuss these points in greater detail, but first a brief 
overview will indicate the historical problems treated in these chapters.

ProMcwM tw tAc NMioty PAysics

In the chapter entitled / oAawwc.s Kcpfcr's 1/mucr.sc.' P.s PAystcs and 
MRapAysics, the nagging question was why Kepler's astronomy 
worked so well although his pre-Newtonian physics was so ineffective. 
Though his instinct for physical problems was sound, his tools were 
not, and the success of his astronomy depended on his ability to shift to 
frankly metaphysical presuppositions when his physical ones gave out. 
Thus on February 10, 1605—a date that might be taken to be historic 
for physics—he revealed for the first time his devotion to the thema of 
the universe as a physical machine in which universal terrestrial force 
laws would hold for the operation of the whole cosmos (see his letter to 
Herwart von Hohenburg). But his effort would have been doomed if 
he had not supplemented the mechanistic image with two other, very 
different ones: the universe as a mathematical harmony and the uni
verse as a central theological order. These three themata continued to 
echo in the work of the seventeenth-century scientists who followed

2



INTRODUCTION

Kepler, and indeed up to the delayed triumph of the purely mecha
nistic view in the completion of Newton's work by Laplace.

A little earlier, in the very first chapter, the question raised is why 
Newton chose to suppress his "Fifth Rule of Reasoning," one which 
not only would be accepted today, but, it would seem, was a logical 
consequence of Newton's own avowed dislike of feigning hypotheses. 
We are led there to introduce the recognition of the existence, and 
even the necessity at certain stages in the growth of science, of pre
cisely such unverihable, unfalsihable, and yet not-quite-arbitrary hy
potheses. This class of hypotheses, referred to as thematic hypotheses 
or thematic propositions, is developed at some length in the first, third, 
and sixth chapters. The analysis has, I believe, significance also for the 
younger sciences that are now (erroneously, in my opinion) trying to 
emulate the older physical sciences by restricting their area of investi
gation, even if artificially, purely to the "contingent" plane of pheno- 
menic (empirical) and analytic statements.

The third chapter examines some specific themata that are active 
both in the sciences as narrowly constructed and in work outside the 
sciences, e.g., juxtaposition of the thema-antithema (or Of?) couple of 
discreteness and the continuum; methodological thema-antithema of 
projection (externalization) and retrojection (internalization). This 
prepares for the recognition that themata belong not merely to a pool 
of specifically scientific ideas but spring from the more general ground 
of the imagination.

In the fourth chapter, TAe Roots o/ we first re
view the wave-particle paradox and the related separation between 
the observer and the observed. Historically this development took 
place in an era of thematic conflict between scientists with antithetical 
presuppositions. Some regarded Schrodinger's introduction of wave 
mechanics as "a fulfillment of a long baffled and insuppressible de
sire," as one physicist expressed it in 1927, while others abhorred this 
continuum-based approach and found satisfaction only in fundamen
tal explanations rooted in the thema of discreteness. Both groups 
faced the same experimental data; but their allegiances were to conju
gate notions, and in the passionate motivation behind their antithetical 
quests we recognize one of the chief properties of the thematic attach
ment, as well as the source of intellectual conflict among equally well- 
informed scientists.

3
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At that point in history, it was Bohr's geniai recommendation to 
accept both members of the (60) couple as equally valid but com
plementary pictures of nature, instead of following the traditional 
path of persistently trying to dissolve them into each other, or to con
quer one by means of the other. The historical question that arises 
here is how Bohr may have been prepared for this remarkable innova
tion in physics—and we follow the hints left by Bohr himself to the 
effect that this new thema may have had roots in philosophical and 
literary works. Chapter 5, Ow Nassau! Rrsr o/ QaaKlMM PAysics 
PcscarcA m f/mtrd States, tries to determine the factors responsi
ble for the appearance in this country of original research arising out 
of a commitment to quantum ideas and—equally significant—the re
sistance to these ideas.

The sixth chapter, Ow t/:e Origins o/ t/te Special TAeoty a/ Peintiv- 
ity, the case study on relativity theory, opens Part II and raises a set of 
historical questions that are then pursued in this and in the next three 
chapters, questions such as these: what was the state of science around 
1905, what were the contributions which prepared the held, and what 
did Einstein know about them? By what steps may Einstein have 
reached the conclusions he published in his first, basic paper? To what 
extent was this work a member of a continuous chain with immediate 
predecessors, and to what extent may it be considered "revolution
ary"? What were the roles of experiments and of speculative hypoth
eses in the genesis of relativity theory? What part did epistemological 
analysis play in Einstein's thought, and what was his influence in turn 
upon the epistemology of his time? What may we say about the style of 
his work, and how may it be connected with his personal orientation? 
What methodological principles for the study of the history of science 
itself emerge from such a case study?

On the way through Part II a number of old questions are reex
amined and new ones raised: the philosophical pilgrimage of Einstein 
himself, starting from an allegiance to Machist phenomenalism and 
ending primarily with a rationalistic realism; Einstein's frequent preoc
cupation with what he called "the nature of mental processes," and his 
conclusions concerning them; the fact that historical statements, like 
those in physics, have meaning only relative to a specifiable frame
work—and the unfortunate consequence of this fact when pedagogic 
statements are confused with quasi-historical statements; the some
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times quite obstinate neglect of "experimental evidence" when such 
evidence is contrary to a given thematic commitment; the "relativistic" 
context of a "crucial" experiment that may indeed be crucial in the 
setting of one theory but, in the setting of another, may be trivially true 
and not even worth a specific mention; an attempt to wrestle more 
concretely with the old problem of the quasi-aesthetic choices which 
some scientists make, for example in rejecting as merely "ad hoc" a 
hypothesis which, to others, may appear to be a necessary doctrine; 
and finally, an attempt to trace the growth of a scientist's thematic 
commitment from its beginnings and to see the work of a genial con
tributor in terms of a correspondence between his personal style and 
the structure of the laws of nature themselves.

On such fundamental matters there can be no pretense of finality. 
Then, too, some problems are not by any means ready to be solved— 
such as that of the meaning of "genius"—and so it is best to leave them 
unashamedly open after having gone as far as the evidence allows. 
This applies also, for example, to the role of verbal versus visual think
ing in scientific theory building, and indeed to the question that Ein
stein himself struggled with near the beginning of his 
TVofM: "What, precisely, is 'thinking'?"

The next three chapters form Part HI of the book; their aim is to 
contribute to models for understanding the growth of science as a 
social phenomenon. Thus, the subject of Chapter 10, 77  ̂DMaRty 
GrowtA o/ P/iy.sica/ -Sconce, is the relation between the individual 
scientist and the mass of scientific workers who are his contemporaries 
and his successors. It defines the crucial distinction between two differ
ent activities—related to each other and with a fuzzy border between 
them, but still quite different—that are nevertheless denoted by the 
same term, science. One is the private aspect, science-in-the-making, 
the speculative, sometimes even nonverbal activity, carried on without 
self-consciously examined methods, with its own motivations, its own 
vocabulary, and its own modes of progress. The other is the public 
aspect, science-as-an-institution, the inherited world of clarified, cod
ified, refined concepts that have passed through a process of scrutiny 
and have become part of a discipline that can be taught, no longer 
showing more than some traces of the individual struggle by which it 
was originally achieved. This, roughly, can be characterized as the 
difference between the "subjective" and the "objective" aspects of
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truth-seeking. The former aspect does not have to remain tacit, nor 
should it be discredited as inaccessible to rational study. On the con
trary, it should be ferreted out, and, as Kepler and Einstein showed, it 
can sometimes be quite eloquently defended.

Attending in more detail to the public aspect of scientific develop
ment, the next chapter deals with the essentially qualitative and semi- 
quantitative aspects of scientific growth and change. Here a key con
cept is not so much the escalation of knowledge as the escalation of 
ignorance—the sometimes discontinuous process of breaking into new 
areas of work where very little is yet known. Other aspects discussed 
include the processes of diffusion of scientific information, branching 
of new fields, nonlinearity of potential in team work, and recruitment. 
Despite the faults of the system that are being nowadays quite amply 
discussed, the sociology of basic scientific research groups indicates 
that more than ever these groups may provide useful models for the 
conduct of work in certain other fields of scholarship also.

Although some things have changed since this chapter was com
posed—mostly the absolute values of some numbers, though hardly 
their ratios and percentages—the chief conclusions are perhaps even 
more appropriate now.

The final chapter, BoAr and tAe ScAwcc, exam
ines the work of one scientist through an ever-enlarging held of view, 
as if through a zoom telescope, as an exemplar of the various meanings 
of the topical phrase "integrity of science." Such an understanding 
seems to me important if only to make more explicit the bonds that 
keep the culture of science in reciprocal contact with the rest of our 
culture.

TAe N&ycewt PA&sg

As I noted, many of these essays attempt to understand the "nascent 
moment" or nascent phase in scientific work. Einstein himself pointed 
frequently to both the interest and the difficulty in any such discussion. 
For example, he wrote, "Science as an existing, finished [corpus of 
knowledge] is the most objective, most unpersonal [thing] human be
ings know, [but] science as something coming into being, as aim, is just 
as subjective and psychologically conditioned as any other of man's
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efforts," and its study is what one shouid "permit oneself also." Else
where, Einstein used the suggestive phrase "the personal struggle" to 
describe what seemed to him to deserve central attention in the analy
sis of scientific development.

This advice is, of course, exactly counter to that of many other 
scientists, historians, and philosophers of science. Among the last, 
Hans Reichenbach's dictum is typical: "The philosopher of science is 
not much interested in the thought processes which lead to scientific 
discoveries . . . that is, he is interested not in the context of discovery, 
but in the context of justification." Historians of science also have not 
paid much attention to the nascent phase because, as one of them put 
it, the reasons why scientists embrace their guiding ideas in individual 
cases "lie outside the apparent sphere of science entirely"; therefore 
they are all too easy to dismiss as not leading to certain knowledge. 
Those few philosophers of science who have looked at such problems 
have tended to label them as "metascience problems," hidden at the 
basis of science, and not really part of it.

Scientists themselves, by and large, have traditionally helped to 
derogate or avoid discussions of the personal context of discovery in 
favor of the context of justification. They would still agree with Robert 
Hooke's draft preamble to the statutes of the Royal Society: "The 
business of the Royal Society is: To improve the knowledge of natural 
things . . . (not meddling with Divinity, Metaphysics, Morals, Politics, 
Grammar, Rhetorick, or Logicks)." This is of course on the whole as it 
should be. Yet even the necessary few who are sympathetic to an 
analysis of the context of discovery use imagery that shows how skept
ical they are of ever finding ways of understanding the "personal 
struggle." Thus Gunther Stent writes that the domain of the sciences 
"is the outer objective world of physical phenomena. Scientific state
ments therefore pertain mainly to relations between public events," 
and he goes on to warn that all else is of the nature of artistic state
ments which "pertain mostly to private events of affective signifi
cance." And Max Born has written, "I believe that there is no philo
sophical high-road in science, with epistemological signposts. No, we 
are in a jungle and find our way by trial and error, building our roads 
behind us as we proceed. We do not find signposts at cross-roads, but 
our own scouts erect them, to help the rest."

The intent of such rather typical responses may be benign, perhaps
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to indicate the scientist's disagreement either with popular conceptions 
of science as an impersonal, machinelike success story, or with those 
overbearing epistemological treatises that claim to put order into the 
turbulent work of the individual scientist and help him to decide which 
of his works may be good or bad. Nevertheless, the chief result is to 
discourage the study of this 'jungle."

The detailed analysis of published scientific contributions generally 
only reinforces this feeling. Most of the publications are fairly 
straightforward reconstructions, implying a story of step-by-step prog
ress along fairly logical chains, with simple interplays between experi
ment, theory, and inherited concepts. Significantly, however, this is 
not true precisely of some of the most profound and most seminal 
work. There we are more likely to see plainly the illogical, nonlinear, 
and therefore "irrational" elements that are juxtaposed to the logical 
nature of the concepts themselves. Cases abound that give evidence of 
the role of "unscientific" preconceptions, passionate motivations, vari
eties of temperament, intuitive leaps, serendipity or sheer bad luck, 
not to speak of the incredible tenacity with which certain ideas have 
been held despite the fact that they conflicted with the plain experi
mental evidence, or the neglect of theories that would have quickly 
solved an experimental puzzle. None of these elements fit in with the 
conventional model of the scientist; they seem unlikely to yield to 
rational study; and yet they play a part in scientific work.

This is much more obvious to one who actually lives in the middle of 
the doing of science itself. Scientists generally have been reluctant 
(perhaps even embarrassed) to discuss frankly this state of affairs in 
the published work on which scholars outside the sciences generally 
rely. It is only relatively recently that it has become more common for 
working scientists to allow themselves to be interrogated by well- 
prepared and sensitive historians, or to make available their drafts, 
notes, research apparatus, personal letters, and other documents.

We have here a curious standoff. While many and perhaps most 
scientists are still skeptical about the possibility of understanding better 
the nascent phase, they are equally uncomfortable with having to leave 
it simply at references to "intuition" or other presently inexplicable 
mechanisms. I regard many of the confessions by scientists of how 
their work is really done not as attempts to discredit their own mode of

8
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progressing in the nascent phase, but rather as invitations to others to 
bring to bear some systematic thought in this area of the "personal 
struggle."

The study of the personai context of discovery has in fact come into 
its own in the past few decades. As I have indicated, it is now dear that 
one must distinguish between science in the sense of the personai 
struggle and a different, communal activity, also called "science," 
which is its public, institutional aspect. The two activities may be 
labeled Si and 5g, respectively. It is for science in the sense of Sg that 
the Royal Society edict quoted above has in fact worked so successfully; 
for Si it has never applied. Scientists, whose external justification and 
approbation come from 3g, the arena in which their published work is 
of prime importance, have generally little reason or incentive self
consciously to examine Si, the arena of their own imaginative pro
cesses, within which they in fact live from day to day. Unless 
specifically urged, each is likely to adopt in discussions of science the 
vocabulary and attitude of Sg, dry-cleaned of the personal elements. In 
this way each becomes an ally of those historians and philosophers of 
science who, for other reasons (including the fact that they themselves 
have never lived in the world of $i), have cause to neglect the nascent 
moment as a problem of research.

Once the distinctions between $i and $g are made, one is ready to 
work in the world of Si without offending judgments that more prop
erly belong in the Sg region; the apparent contradiction between the 
often "illogical" nature of discovery and the logical nature of physical 
concepts is resolved; and, without making light of the difficulties, one 
is ready to find that a very different set of rules holds in Si than in Sg. I 
do not doubt that solid knowledge about Si can be achieved. Even
tually a science of S] must be possible. Though scientists themselves 
may for a time frown on such an enterprise, one may take comfort that 
the best of them—for example, Einstein and Bohr, as demonstrated in 
these pages—would not.

Nor do we have to look only to them for an understanding of the 
difficulty and necessity of such an enterprise. It was the philosopher- 
psychologist William James, who as long ago as 1880 said in a context 
that can be stretched from philosophy to other branches of knowl
edge:

9
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Pretend what we may, the whole man within us is at work when we form our 
philosophical opinions. Intellect, will, taste, and passion co-operate just as they 
do in practical affairs; and iucky it is if the passion be not something as petty as 
a love of personal conquest over the philosopher across the way. The absurd 
abstraction of an intellect verbally formulating all its evidence, and carefully 
estimating the probabitity thereof by a vulgar fraction, by the size of whose 
denominator and numerator alone it is swayed, is ideally as inept as it is actually 
impossible. It is almost incredible that men who are themselves working philos
ophers should pretend that any philosophy can be, or ever has been, con
structed without the help of personal preference, belief, or divination. How 
have they succeeded in so stultifying their sense for the living facts of human 
nature as not to perceive that every philospher, or man of science either, whose 
initiative counts for anything in the evolution of thought, has taken his stand 
on a sort of dumb conviction that the truth must lie in one direction rather than 
another, and a sort of preliminary assurance that his notion can be made to 
work; and has borne his best fruit in trying to make it work?'

77ic TTtema&c

While the existence of presuppositions in ,S'j are undeniable— 
indeed, some of their aspects have been central preoccupations of 
philosophers for centuries—they make it puzzling how scientific work 
can succeed at all. Would such preconceptions not hobble one in the 
search for the objective state of affairs? How can science change direc
tions and yet also preserve continuities? How has the scientific profes
sion managed to construct a corpus that is largely so successful and so 
beautiful, despite this and other limitations on the individual scientific 
contributor?

I have called attention earlier to the analysis, in some of these chap
ters, of a particular type of preconception which I have called the
matic. But since the concept of thematic analysis will perhaps be the 
least familiar and the most easily confused with other current concep
tions, we should here go into a little more detail on the role themata 
play in scientific work.

All philosophies of science agree on the meaningfulness of two types 
of scientific statements, namely, propositions concerning empirical 
matters of fact (which ultimately boil down to meter readings) and 
propositions concerning logic and mathematics (which ultimately boil
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down to tautologies). To be sure, observation is now often carried on at 
the output end of a complex of devices. The observation that counts 
in, say, an experiment such as the first "observation" of the antiproton 
seems completely buried under both the total output of data obtain
able from the mountain of special equipment and the mass of sophis
ticated technological knowledge and physical theory without which 
one could neither set up the conditions for the observation in the first 
place, nor know what one is looking for, nor be able to interpret the 
thin trace on an oscilloscope or in a photographic emulsion under the 
microscope by which one finally "sees" the action of the antiproton. 
But "propositions concerning empirical matters of fact" can be inter
preted to be propositions concerning this final stage, protocol sen
tences in common language that command the general assent (i.e., 
assent in .S'2) by specialists concerned with this type of "empirical mat
ter of fact"; and this is what makes them "meaningful."

The propositions concerning logic and mathematics are analytical 
propositions. They are meaningful insofar as they are consistent 
within the system of accepted axioms, though they may or may not 
turn out to be more widely useful. Thus the algebra of ordinary com
mutative groups suffices for Newtonian mechanics but not for quan
tum mechanics.

These two types of meaningful propositions may be called pheno- 
menic and analytic, and by way of analogy one may imagine them 
roughly as corresponding to a set of orthogonal x- and y-axes that 
represent the dimensions of the plane of usual scientific discourse.

One may name the x-y plane the coMtmggwI The word comlmgcwt 
has been used^ in a sense that is supposed to be more subtle than the 
term a contingent proposition is one "to whose truth or fal
sity experience is relevant"—as against "logically necessary."  ̂But this 
is not the sense in which I intend "contingent" to be used; for, on the 
one hand, it unnecessarily introduces by the back door arguments con
cerning the nature and warrant of truth; and, on the other hand, a 
proposition can be contingent not only on empirical evidence but also 
on analytical evidence. The concept of the electron as part of the 
nucleus was discarded not on empirical grounds (on the contrary, 
electrons appear to "come out" of decaying nuclei all too conspicu
ously), but rather because it was thought wiser to retain the then new
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formal system of quantum-mechanical analysis, according to which an 
electron bound in the nucleus could be calculated to require utterly 
unreasonably large energies.

I therefore define the contingent plane as the plane in which a 
scientific concept or a scientific proposition has both empirical and 
analytical relevance. Contingency analysis is the study of the relevance 
of concepts and propositions in the x- and y-dimensions. It is a term 
equivalent to operational analysis in its widest sense.

All concepts and propositions can in general be subjected to contin
gency analysis. And we can reformulate the claim of the modern 
philosophies of science that are rooted in empiricism or positivism that 
those concepts or propositions are "meaningless" which have zero or 
nearly zero components in the x- or y-dimension (or in both x- and y- 
dimensions), that all meaningful science therefore happens in the x-y 
plane. This, in brief, was the content of Newton's public pronounce
ments against the postulation of innate properties and occult princi
ples. It also lies behind Hume's exhortation, the persistent attacks of 
Comte and Mach and their followers, and, outside science itself, the 
fury of Locke against the doctrine of innate principles, the suspi
ciousness of J. S. Mill about the intuitionism of the Scottish school, the 
reduced role that Ayer assigns to philosophy when he writes that the 
function of philosophy is "to clarify the propositions of science by 
exhibiting their logical relationships, and by defining the symbols 
which occur in them," and the fear of many modern scientists that 
going outside the contingent plane necessarily means opening the 
gates to a flood of obscurantism.

It is indeed one of the great advantages of the scheme that in the x-y 
plane many questions (e.g., concerning the reality of scientific knowl
edge) cannot be asked. The existence of such questions is not denied; 
but they do not have to be admitted into scientific discussions, since the 
possible answers are not verifiable or falsibable, having no component 
that can be projected on the phenomenic dimension of empirical (ob
servational) fact, and obeying no established logical calculus (beyond 
that of grammar) in which the analytical projection of the statement 
can be examined for consistency.

In fact, this attitude is one reason why science has grown so rapidly 
since the early part of the seventeenth century; keeping the discourse 
consciously in the contingent plane means keeping it in the arena of $3,
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where statements can be shared and publicly verified or falsified. This 
habit has minimized prolonged disagreement or ambiguity or the 
mere authority of personal taste. It has helped expel certain metaphys
ical propositions which were masquerading as empirical or analytical 
ones. And in these ways, it has also helped forge a strong and wonder
fully successful profession.

These successes do not, however, hide the puzzling fact that contin
gency analysis excludes an active and necessary component that is 
effective in scientific work, both on the personal and on the institu
tional level; that is, it neglects the existence of preconceptions that 
appear to be unavoidable for scientific thought, but are themselves not 
verifiable or falsihable. Their existence has long been commented 
upon, and some of their properties have been examined from differ
ent points of view;4 but much more can be said on this subject. Related 
to the first puzzle is a second one, namely, why contingency analysis 
does not help us to understand either how the individual scientific 
mind arrives at the products that later can be fitted into the contingent 
plane, or how science as a historical enterprise grows and changes. 
Thus in his influential book SC IEN TIFIC  EX PL A N A T IO N , the philosopher 
R. B. Braithwaite offers the rather typical confession that an explana
tion of such matters is beyond the realm not only of the scientist but 
also of the philosopher:

The history of a science is the history of the development of scientific systems 
from those containing . . . few generalizations .. . into imposing structures with 
a hierarchy of hypotheses. . . . The problems raised by this development are of 
many different kinds. These are historical problems, both as to what causes the 
individual scientist to discover a new idea, and as to what causes the general 
acceptance of scientific ideas. The solution of these historical problems involves 
the individual psychology of thinking and the sociology of thought. Now; o/ 
tAasg ts cw Amtwss

If, however, we want to make it part of our business to understand 
how new discoveries are made and how scientific ideas meet with ac
ceptance or rejection, it is necessary at this point—to return to our 
analogy—to define a third dimension, or z-axis, perpendicular to the 
x- and y-axes of the contingent plane. It is the dimension of themata, of 
those fundamental preconceptions of a stable and widely diffused kind 
that are not resolvable into or derivable from observation and analytic
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ratiocination. They are often found in the initial or continuing motiva
tion of the scientist's actual work, and also in the end product to which 
his work reaches out. Thus, while the two-dimensional x-y plane may 
suffice for most discourse within science in the sense of .S'2, it is the 
three-dimensional x-y-z space within which a more complete analysis— 
whether historical, philosophical, or psychological—of scientific state
ments and processes should proceed. For example, the study of the 
rise or fall of a thematic preoccupation is among the most interesting 
problems for the historian. Some themata grow slowly, as the result of 
a sequence of local successes—e.g., the thema of strict conservation, as 
embodied in the laws of conservation of mass and of energy, explained 
chemical ractions (such as the formation of HC1) better than the earlier 
use of material "principles" (such as the acidifying principles). The 
chemical ideas of material change became by and by so successful that 
whereas in Newton's time chemical reactions were understood in terms 
of organic digestive processes, a century and a half later the arrow of 
explanation had turned around, and organic digestive processes were 
explained in terms of chemical reactions. Some thematic concepts 
found their place more rapidly, perhaps as a result of stunning vir
tuoso demonstrations (e.g., the concept of a causal, mechanistic uni
verse which was at least the external result of Newton's system of the 
world). Other themata have atrophied or are now discredited as ex
planatory devices—ideas such as macrocosmic-microcosmic corre
spondence, inherent principles, teleological drives, action at a distance, 
space-filling media, organismic interpretations, hidden mechanisms, 
or absolutes of time, space, and simultaneity.^

Yet other themata are long lived and apparently stable. To find 
examples we need only glance at some reports of current research in 
the physical sciences and related areas, selected almost at random and 
quoted or paraphrased from recent issues of research reports in the 
journals of the profession. Consider the current search for the con
stituents of "elementary particles." One thing is clear: the antiquity of 
this quest for the ultimate constituent of all matter, a pursuit that has 
made sense to scientists all the way back to Thales. It is nothing less 
than an a priori commitment that deserves to be called thematic.

Almost invariably, for every thematically informed theory used in 
any science, there may also be found a theory using the opposite 
thema, or antithema. Sometimes we find not merely opposing (60)
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dyads, but even triads. Thus opposition exists to current theories 
that beiieve aii hadrons to be dynamical constructs, satisfying self- 
consistency conditions. There are publications insisting, for example, 
that nature exists in an infinite number of strata with different qual
ities, each stratum being governed by its own laws of physics and each 
always in the midst of creation and annihilation. What seems certain is 
that regardless of temporary victories for one side or another, the 
dialectic process of this sort between a thema and its antithema, and 
hence between the adherents of two or more theories embodying them 
respectively, is almost inevitable and is perhaps among the most pow
erful energizers of research. If the past is a guide, this process will last 
as long as there are scientists interested in putting questions to nature 
and to one another.

Another sort of presupposition was signaled by P. A. M. Dirac's 
remark that some day physicists would be discussing equations of mo
tion of entities only remotely related to experimental quantities. He 
thought this prophecy would come to pass because of his "feeling for 
the unity of physics" and because of the important role played by 
equations of motion in all other branches of physics. This confidence, 
somewhat in the face of current fashion and experimental evidence, 
led Dirac to say, "A theory that has some mathematical beauty is more 
likely to be correct than an ugly one that gives a detailed fit to some 
experiments."

Such a quasi-aesthetic judgment is a form of thematic commitment 
with deep psychological roots. It is frequently the basis for choices 
made in actual scientific work (for example, when one ad hoc hy
pothesis is accepted and another is rejected, or when a whole approach 
to a scientific held is adopted or dismissed), though it is not common to 
see this confessed in public print. Thus, in 1926, Heisenberg wrote to 
Pauli, "The more I ponder the physical part of Schrodinger's theory, 
the more disgusting it appears to me." At about the same time, 
Schrodinger in his turn wrote about Heisenberg's approach: "I was 
frightened away [by it], if not repelled." And Fermi wrote to Enrico 
Persico in the same vein about what he called "the formal results in the 
zoology of spectroscopic terms achieved by Heisenberg. For my taste, 
they have begun to exaggerate their tendency to give up understand
ing things." At least since Copernicus defended his theory as "pleasing 
to the mind," it has been an everyday fact in the life of scientists that
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some of the terms and attributes they use have for them great motivat
ing power but cannot be subjected to contingency analysis.

Scanning the current scientific research literature, you wili—once 
aierted—constantly encounter thematic elements that are basic in ma
jor areas today, and usually were also in the past—for example, the 
efficacy of geometry or other branches of mathematics as explanatory 
tools; the conscious and unconscious preoccupation with symmetries; 
or the use of the themata of evolution and devolution that might have 
been taken from the ordinary life cycle but that have become, in any 
case, fundamental tools of scientific thought (as much in psychological 
and sociological research as in genetics and astrophysics), ft is the 
interdisciplinary spread or sharing of such fundamental themata that 
has produced something like a scientific imagination shared by all 
scientists, forming one of the bonds among them, and making possible 
the interdisciplinary approach that characterizes so many of the new 
developments.

Although certain themata are developed in detail in some of the 
chapters that follow, it will be fruitful here to make distinctions among 
three different uses of the concept of themata:

1. A tAematic cowcgpt is analogous to a line element in space which has 
a significant projection on the z- or thematic dimension. Purely the
matic concepts seem to be rare in established science. What is more 
significant is the thematic component of concepts such as force or 
inertia, which have strong x- and y-components also. Therefore, when 
we speak of force or inertia as a thematic concept we mean the 
thematic component of this concept.

2. A hematic posAtow or mgtAo&Aogt'ca/ iAwta is a guiding theme in the 
pursuit of scientific work, such as the preference for seeking to express 
the laws of physics whenever possible in terms of constancies, or ex
trema (maxima or minima), or impotency ("It is impossible that. . .").

3. Between these two is the or tAgmatic Ay/.M̂A<MM,
e.g., a statement or hypothesis with predominant thematic content, or 
the thematic component of a statement or hypothesis. A thematic 
proposition contains one or more thematic concepts, and may be a 
product of a methodological thema. Thus, the principle of constancy 
of the velocity of light in relativity theory is a thematic proposition, and 
it also expresses the constancy-seeking methodological thema.

Without preempting the discussion in the chapters that follow, it will
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be useful to touch briefly on a few other properties of themata. One 
is the question concerning their source. They are certainly not unap
proachably synthetic a priori, in the eighteenth-century sense; nor is it 
necessary to associate them with Platonic, Keplerian, or Jungian ar
chetypes, or with images, or with myths (in the nonderogatory sense, 
so rarely used in the English language), or with irreducibly intuitive 
apprehensions.^

It is possible that the origin of themata will be best approached 
through studies concerned with the nature of perception, and particu
larly of the psychological development of concepts in early life. An
other direction that seems to have promise is the work building on 
Kurt Lewin's dynamic theory of personality.^ But, for my part the 
most fruitful stance to take now is akin to that of a folklorist or an
thropologist, namely, to look for and identify recurring general 
themata in the preoccupation of individual scientists and of the profes
sion as a whole, and to identify their role in the development of sci
ence.

Another point concerns the antiquity and paucity of themata—the 
remarkable fact that the range and scale of recent theory, experience, 
and experimental means have multiplied vastly over the centuries 
while the number and kind of chief thematic elements have changed 
little. Since Paramenides and Heraclitus, the members of the thematic 
dyad of constancy and change have vied for loyalty, and so have, ever 
since Pythagoras and Thales, the efficacy of mathematics versus the 
efficacy of materialistic or mechanistic models. The (usually unack
nowledged) presuppositions pervading the work of scientists have long 
included also the thematic couples of experience and symbolic formal
ism, complexity and simplicity, reductionism and holism, discontinuity 
and the continuum, hierarchical structure and unity, the use of mecha
nisms versus teleological or anthropomorphic modes of approach.

These, along with other themata further discussed in the chapters 
and perhaps a few more—a total of fewer than fifty couples or triads— 
seem historically to have sufficed for negotiating the great variety of 
discoveries. Both nature and our pool of imaginative tools are charac
terized by a remarkable parsimony at the fundamental level, joined by 
fruitfulness and flexibility in actual practice. Only occasionally (as in 
the case of Niels Bohr cited before) does it seem necessary to introduce 
a qualitatively new thema into science.
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Generally, the old themata in new context do surprisingly well. Per
haps the most persuasive characteristic of modern science from its 
beginnings has been simply the generally accepted thema of the un
limited possibility of doing science, the belief that nature is in principle 
fully knowable. Kepler found support for this belief in equating the 
mind of God and the mind of man on those subjects which can be 
understood in the exact sciences. In more recent times, Heisenberg 
has said: "Exact science also goes forward in the belief that it will be 
possible in every new realm of experience to understand nature."

To recapture the exuberant enthusiasm of science, one should go 
not to a well-established contemporary physical science, but perhaps to 
a held when it was still young. In the journals of the seventeenth and 
eighteenth centuries, we can find, side by side, what we would now 
consider very heterogeneous material—descriptions of a violent thun
derstorm, statistics of and speculations on the causes of death in a 
certain village, notes on microscopic or telescopic wonders or on the 
colors in chemical reactions, observations on the propagation of light, 
on the growth and types of reptiles, on the origin of the world. The 
heterogeneity speaks of a marvelous and colorful efflorescence of in
terests and an unself-conscious exuberance that verges sometimes on 
aimless play. The scientists of the time seem to us to have run from one 
astonishing and delightful discovery to the next, like happy children 
surrounded by gifts.

As the terminology has grown more sophisticated, this feeling of 
wonder has become less evident to those not directly involved in sci
ence. And it also has become less wide-ranging in scientific circles as 
the work of the scientists has become more and more specialized. But 
from the platform of their specialized science, they can more than ever 
feel that nature bars no questions, that what can be imagined also can 
be—no, must be—investigated.

But behind this apparently atomistic fragmentation of attention has 
been a monistic aim. The seventeenth- and eighteenth-century re
searchers did not see the myriads of separate and disparate investiga
tions around them as unrelated items in a randomly built catalogue of 
natural knowledge. Coupled with the thema of the universal accessibil
ity of nature has been the old motivating methodological thema of an 
underlying &r NatMrwMMtMc/ta/icw—both a unity and a singu
larity of natural knowledge. The paths to an understanding of nature



INTRODUCTION

may be infinite (as the successes of even the most specialized interests 
indicate), and each of these paths is expected to have difficult, perhaps 
almost insurmountable, barriers. But all the paths have been vaguely 
thought to lead to a goal, aw understanding of owe nature, a delimited 
though no doubt complex rational corpus which some day a person's 
mind would be able to make one's own (as the layman today says, 
somewhat frightened, "one great formula" that tells everything there 
is to know about nature).^

These two connected themata of unlimited outer accessibility and 
delimited inner meaning can be vaguely depicted by the device of a 
maze having in its outer walls innumerable entrances, through each of 
which one can hope to reach, sooner or later, the one mystery which 
lies at the center.

But another possibility has suggested itself more and more insis
tently: that at the innermost chamber of the maze one would find 
Mof/MMg. Writing in the fateful year of 1905, Joseph Larmor, one of 
Newton's successors as Lucasian Professor of Mathematics at Cam
bridge, saw it coming: "There has been of late a growing trend of 
opinion, prompted in part by general philosophical views in the direc
tion that the theoretical constructions of physical science are largely 
factitious, that instead of presenting a valid image of the relation of 
things on which further progress can be based, they are still little better 
than a mirage."*** The final encounter, he seems to cry out, cannot be 
with a mere shadow, or, worse still, with a narcissistic self-reflection of 
one's own thought processes.

Yet on the face of it, it is not necessary to believe that knowledge of 
nature must turn out to be organizable in a philosophically satisfactory 
way. "We have no right to assume that any physical law exists," Max 
Planck once said. From a suitable distance, we cannot soundly claim 
that the historic development of science has proved nature to be 
understandable in a way. What has happened is that the ground
of the unknown has continually been shifted, the allegory has continu
ally changed. David Hume expressed this in 1773: "While Newton 
seemed to draw off the veil from some of the mysteries of nature, he 
showed at the same time the imperfections of this mechanical philoso
phy; and thereby restored her ultimate secrets to that obscurity in 
which they ever did and ever will remain."**

In the empirical sciences, we are far from being able to prove that we
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have been approaching an increasing understanding of the type that 
characterized the development of, say, some branches of mathematics. 
Our interests and tools change, but not in a linear, inevitable way. For 
example, the historic development from organismic science to a 
mechanistic and then to the mathematical style couM have taken place 
in the opposite direction. And the ontological status of scientific 
knowledge itself has been turned completely upside down since the 
beginning of the twentieth century. The experimental detail is now not 
simply the token of a real world; on the contrary, to some scientists and 
philosophers it is all that we can be more or less sure about at the 
moment.

Karl Popper summarized this view in these words:

I think that we shall have to get accustomed to the idea that we must not look 
upon science as a "body of knowledge," but rather as a system of hypotheses; 
that is to say, as a system of guesses or anticipations which in principle cannot 
be justified, but with which we work as long as they stand up to tests, and of 
which we are never justified in saying that we know that they are "true" or 
"more or less certain" or even "probable."'^

Our justification for these hypotheses is that they have a hold on our 
imagination and that they help us to deal with our experience. On this 
basis, all the scientist needs to say, if anyone should ask what he or she 
is doing, is: /tyjwdtMc.s /twgo. This—a new methodological thema rein
forced by the scientific advances of the first two decades of our cen
tury—was precisely what Lodge, Larmor, Poincare, and so many 
others could not accept. Poincare, who was perhaps technically the 
best-prepared scientist in the world to understand Einstein's relativity 
theory of 1905, did not deign to refer to it once in his large published 
output up to his death in 1912. This silence—of which more is said in 
the sixth chapter—was not mere negligence; Poincare, despite his si
lence, had understood a consequence of the new physics only too well.

TAg Dwwc?MMfM o/ Mo&fK Ffryforfcaf .S'cAo/ars/Mj;

Neither the analysis of a case in the history of science into its and 
$2 components nor thematic analysis, separately or together, can 
suffice for a full understanding of the case. These two techniques are 
themselves only part of a larger set of work tools that should at least be

20



INTRODUCTION

enumerated here. (The distinction often made between externalistic 
and internaiistic approaches is aiso far too blunt for laying bare the 
fine structure.)

Although many individual historians of science are largely, and 
properly, still occupied predominantly along the chief traditional di
rections, a general awareness and tolerance have arisen in recent years 
that recognize the existence of nine somewhat overlapping but still 
sufficiently separable directions that most historical work can now take 
in principle. Far from reducing science to an epiphenomenon of the 
social and economic development of society, such a multidimensional 
attack ensures that science is not reduced to one or another of the 
limited but popular caricatures. Ideally, the full potential of a major 
case is not likely to be exhausted until attention has been paid to each 
of these components. For any eventF in the history of science at a time 
t (for example, Einstein's announcement of relativity, the case on 
which I have attempted to make some beginning in these chapters), 
the systematic list of chief elements that may fruitfully engage the 
attention of historians of science would run somewhat as follows:

1. The awareness within the area of public scientific knowledge at 
time f of the scientific "facts," data, techniques, theories, and technical 
lore concerning event F—both in the published work of a particular 
scientist who is being studied and in the work of others in his field 
whom he may or may not have known about. (In terms used earlier, 
this is knowledge of $3 at ?).

2. The establishment of the time trajectory of the state of public 
scientific knowledge, both leading up to and going beyond the time 
chosen above. That is, as it were, the tracing of the World Line of an 
idea, a line on which the previously cited element F is merely a point. 
Under this heading we are dealing with antecedents, parallel develop
ments, continuities and discontinuities, and the tracing of the public 
acceptance or rejection of an idea. This is our stock-in-trade: telling 
the story of a conceptual development (though perhaps too often at 
the cost of other concerns, making it therefore almost appear as if 
scientific ideas had an independent life of their own).

3. The reconstruction of the less institutional, more ephemeral, per
sonal aspect of the scientific activity F at f. We are now looking at the 
same event in ,S], reflected in letters, drafts, laboratory notebooks, 
abandoned equipment, interviews, and reminiscences. Here we deal
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with an activity that may be poorly documented and not necessarily 
appreciated or well understood by the agent.

4. The establishment of the time trajectory of this largely private 
scientific activity under study—the personal continuities and discon
tinuities in development. What I am pointing to here is the kind of 
development we discuss in the ninth chapter which brought Einstein 
from his first encounter with magnetism as a young boy to his early 
elaboration of general relativity theory. Now event A at time I begins to 
be understood in terms of the intersection of two trajectories, two 
World Lines, one for public science and one for private science.

5. Coupled to the trajectory of S; is the tracing of another line, the 
psychobiographical development of the scientist whose work is being 
studied. Far from being a passing fashion, it is an aspect of historical 
studies that in some form has been urged since at least the days of 
Wilhelm Dilthey. Whether one wishes to cast one's lot with the point of 
view of Freud, Erikson, Piaget, or others, or with several of them in 
part, seeking correlations between the .S, trajectory and the historico- 
psychological development will at least give rise to those most precious 
of commodities, new and interesting questions. For example, for at 
least one case of high achievement, we shall pursue the hypothesis that 
a person's public scientific work is an expression of his intimate style 
of thought and life.

6. A similar line may be traced that relates the trajectory of the 
ideological or political as well as the literary events of the time to the 
trajectories of ,S\ and $2. We need merely mention the fact that Ein
stein (to his own astonishment) became a charismatic figure, with in
fluence far beyond physics, as a result of the experimental confir
mation in 1919 of his general relativity prediction concerning the 
deflection of starlight passing near the sun's disk. It is not unlikely that 
this mass response to what was perceived as a scientific "revolution" of 
the old order in physics, seemingly certified by nothing less than the 
stars themselves, was to a degree prepared by the existence of political 
revolutionary situations in many parts of the world at the time. Simi
larly it has been argued that the widespread interest among German 
scientists in abandoning the principle of causality in the early 1920's 
(despite Einstein's opposition) is closely related to developments in the 
German intellectual environment, including the huge vogue then en
joyed by Oswald Spengler's pessimistic and intuitionistic book, THE
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D EC LIN E OF TH E W E S T . On the whole I agree with the implication that 
in retrospect some of the seeds of destruction of the Weimar Republic 
may be discerned in studying this episode in the history of quantum 
physics. (Converseiy, the influence of the progress of physics upon 
political history can of course also be documented, for example in the 
role of the nuclear reactor.)

7. A further component essential to full understanding of an event 
refers unavoidably to the sociological setting, conditions, influences— 
arising from colleagueship or the dynamics of team work, the state of 
professionalization at the time, the link between science and public 
policy or between science and industry, or institutional channels for 
the funding, evaluation, and acceptance of scientific work. One partial 
expression of this component may be found in the current attempts to 
construct empirical and quantitative measures for the progress of the 
sciences. But the qualitative aspects are at least as important. One 
could not, for example, study the great differences in the rates of 
acceptance of relativity theory or quantum theory in different coun
tries without studying the differences in the structure of their educa
tional systems. Similarly, it would not be possible to understand fully 
the philosophical progression of Einstein away from his early attach
ment to an empiricist philosophy unless one understood and made 
provision for the influence of such colleagues as Max Planck.

8. The previous point is a reminder, if one were required, of an
other aspect, namely, the need for an analysis of the epistemological 
and logical structure of the work under study. Here has been our chief 
point of contact with a variety of philosophers of science whose contri
butions have, on occasion, indeed been illuminating for the historian 
of science.

9. Finally, there is the analysis of the individual scientist's thematic 
presuppositions that motivate and guide his research, as amply dis
cussed above.

To be sure, the separations between the nine components 1 have 
cited are not hard and fast. Any categorical list is to some degree 
artificial—a fact that goes back to the well-known failure of language 
fully to comprehend experience. But the categories chosen do have 
merit at least operationally: they coincide in most cases with the 
specific professional interests of academic groups to whom the modern 
historian of science can look for collaboration and instruction.
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The list I have given also shows that it is faise to set up a dichotomy 
between a "primacy of the text" as the chief source of scholarship 
versus a priority of the study of scientific institutions. As a close read
ing of such cases as that presented in Chapter 5 will show, both ap
proaches are necessary and mutuaUy supportive. Thus, while a text or 
other historical artifact is often the safest starting point, it makes only 
limited sense unless it is interpreted in a context of which social (in
cluding scientific) institutions are a part; "institutions," in turn, do not 
have some abstract reality of their own but can be properly understood 
only with reference to texts documenting their existence and opera
tions, on which scholars can reach some consensus.

These nine major strands, composing a net with which to catch the 
spirit and meaning of a particular scientific work, fit the shape of 
historic cases themselves. One might envisage such a case as being, so 
to speak, caught in the center of a net made of these strands. It is 
unlikely and unnecessary for any historian of science singly to perform 
an analysis along all of these nine dimensions. But if we are to rise 
above a partial view, the overlap of individual contributions should 
eventually make it possible for a scientific work to be so studied in full. 
In this way, the history of science may reach its highest and most 
ambitious level—which I take to be the historically based analysis of 
culture, society, and personality, seen through the focus of a lens 
which the case study of a scientific work provides.

In a volume stressing both the origins and the personal component 
of scientific and scholarly work, I shall perhaps be forgiven for making 
some personal comments on those origins of my own interests of which 
I am most aware, and for acknowledging thereby at least a few of my 
early debts. One's thoughts are of course fashioned to some degree by 
interactions with one's teachers and friends, by ideas delighted in and 
argued over in the company of others who may not by any means have 
shared one's own opinion—and mention of whom should not be con
strued as implicating them in any way.

Through a series of lucky accidents I benefited from an unusual 
variety of contradictory influences. At the beginning of my experi
mental work in the high-pressure-physics laboratory of my thesis pro-
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fessor, the crusty and constantly questioning P. W. Bridgman, the 
central reality was certainly science done at first hand, although the 
problems of philosophy of science were never left out of sight entirely. 
On the other hand, the interaction between science and epistemology 
was at the center of attention in discussions over many years with 
Philipp Frank, that most humanistic and conciliatory of logical empiri
cists, and biographer of Albert Einstein; under Frank, I acted as in
structor, assisting in one of his courses at Harvard. It was he who 
provided me later with the first introduction to the Einstein archival 
materials at the Princeton Institute for Advanced Study. And it was 
while reading through the voluminous material as part of the effort to 
catalog it with the help of Einstein's knowledgeable secretary, Helen 
Dukas, that I became aware of historical problems within the frame
work of .S', which rarely get asked outside it.

A complementary influence was exerted through the accident of 
being intrigued into teaching in the General Education program by 
Harvard's President James B. Conant and the physicist Edwin C. Kem
ble. There I not only had to struggle with competing historiographic 
theories in trying to understand how science evolved in the large and 
what role it had in culture and society, but I also came up against some 
of the raw pedagogic problems that I have tried to deal with in other 
publications and in textbooks. Frequently, I felt caught in the crossfire 
between colleagues outside the sciences who were rather skeptical of 
the held—such as Douglas Bush and Raphael Demos—and intelligent 
and eloquent students in the classroom who in those days were, if 
anything, all too ready to concede any claim made for science.

As much as any of these, however, I must acknowledge the influence 
of a number of "shop clubs" and other series of informal meetings 
which had formed spontaneously in and around the Cambridge area. 
In one of these, under the general leadership of Philipp Frank and 
P. W. Bridgman, fairly regular meetings of a "Unity of Science" group 
took place for many years, where the irrepressible individuality and 
passionate defense of well-formed views were always in evidence. 
There were memorable encounters involving Henry Aiken, Karl 
Deutsch, Roman Jakobson, Gyorgy Kepes, Philippe LeCorbeiller, 
W. V. O. Quine, Giorgio de Santillana, Harlow Shapley, B. F. Skinner,
S. S. Stevens, Lazio Tisza, Richard von Mises, Norbert Wiener, as well 
as occasional visitors from far-away New York or New Haven, such as
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Ernest Nagel and Henry Margenau. The logical empiricists among all 
these, contrary to the doctrinaire days of the 1920's and 1930's, laid as 
much stress as did all the others on fundamental, interdisciplinary 
discussions. For example, far from wishing to denigrate other areas 
and extending the hegemony of science, Frank held that a central 
question was "How can we bring about the closest possible 
mewt between philosophy and science?"

But beyond that, the members of that group made no efforts to 
exact any agreements, and relished the most wide-ranging debates. As 
a result, I happily never had the opportunity or felt the need for a 
single, doctrinaire master. Rather, the educational model was that of 
allowing a wide variety of views from different subject-matter fields to 
be brought to bear on living questions, and measuring their value by 
the usefulness of their contributions.

A second shop club, started by J . B. Conant, and meeting a few times 
each year, involved those on the college faculty—scientists, social sci
entists and humanists—who participated in the General Education 
teaching program. This allowed the civilizing experience of discussion 
with Jerome Bruner, Harry Levin, Ernst Mayr, Harry Murray, Talcott 
Parsons, David Riesman, Paul Tillich, George Wald, Morton White, 
and others. At about that time E. C. Kemble also arranged frequent 
working lunch meetings of a group of junior staff interested in the 
history of science, including I. B. Cohen, T. S. Kuhn, and L. K. Nash; 
unquestionably we all profited from these meetings. Later on, during 
the period when I brought together a group of scientists and other 
scholars in Cambridge to help design the Project Physics Course, I 
benefited from discussions with members of the staff and particularly 
with Alfred Bork, Stephen Brush, Banesh Hoffmann, Loyd Swenson, 
and Stephen Toulmin.

In the early days after World War II, there was, of course, still the 
largely unseen but intensely felt presence of George Sarton, and the 
electrifying effect of Cambridge visits by Alexandre Koyre. More re
cently, through one accident or another, I have had opportunities to 
benefit from the views or counterarguments of such colleagues and 
friends as Rudolf Arnheim, Erwin Hiebert, Everett Mendelsohn, 
Robert S. Cohen, Marx Wartofsky, Joseph Agassi, Yehuda Elkana, 
and Charles Weiner. Some stimulating contacts were made through 
D A ED A LU S conferences, for example, with Erik Erikson, who subse-
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quently became a colleague from whom 1 have learned greatly. In 
listing influences, I must not omit the Erawos 7agwtggw at which I was 
allowed to make extensive presentations and then learn from other 
members of the "faculty," such as Mircea Eliade, Adolf Portmann, and 
Gershom Scholem.

Finally, it is a pleasant duty to record my debt to the National Science 
Foundation for research support grants from the section for the His
tory and Philosophy of Science. To Howard Boyer, Joan Laws, Kristin 
Peterson, and Peg Anderson, 1 express my gratitude for help with the 
editorial and production problems of this volume.
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1 THE THEMATIC IMAGINATION
IN SCIENCE

g!)uRRENT OPINION on the way scientific theories are constructed is 
by no means unanimous. We may, nevertheless, take the account 

given not too iong ago by the physicist Friedrich Dessauer as a quite 
typical contemporary presentation of the so-cailed hypothetico-deduc- 
tive, or inductive, method of science. His scheme' reflects both general 
professional and popular understanding.

There are, he reports, five steps. (1) Tentatively, propose as a hy
pothesis a provisional statement obtained by induction from experience 
and previously established knowledge of the field. An example, drawn 
from experimental work in physics, might be this: the observed large 
loss of sound energy when ultrasonic waves pass through a liquid such as 
water is possibly due to a structural rearrangement of the molecules as 
the sound wave passes by them. (2) Now, refine and structure the hy
pothesis—for example, by making a mathematical or physical analogon 
showing the way sound energy may be absorbed by clumps of molecules. 
(3) Next, draw logical conclusions or predictions from the structured 
hypothesis which have promise of experimental check—for example, if
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more and more pressure is applied to the sample of water, it should be 
more and more difficult for the associated molecular groups to absorb 
sound so strikingly. (4) Then check the predicted consequences (de
duced from the analogon) against experience, by free observation or 
experimental arrangement. (5) If the deduced consequences are found 
to correspond to the "observed facts" within expected limits—and not 
only these consequences, but all different ones that can be drawn 
(behavior at constant pressure but changing temperature, or similar ef
fects in other liquids)—then a warrant is available for the decision that 
"the result obtained is postulated as universally valid" (p. 298). Thus, 
the hypothesis, or initial statement, is found to be scientifically 
"established."

But, popular opinion continues, until the facts support such a position 
any hypothetical statement is to be held scrupulously with open-minded 
skepticism. The scientist, Dessauer reports, "does not take a dogmatic 
view of his assumption, he makes no claim for it, he does not herald it 
abroad, but keeps the question open and submits his opinion to the de
cision of nature itself, prepared to accept this decision without reserve" 
(p. 296). This, he concludes, is "the inductive method, the fundamental 
method of the entire modern era, the source of all our knowledge of 
nature and power over nature" (p. 301).

We note that this account fits in well with a widespread characteriza
tion of a supposed main difference between scientists and humanists: the 
former, it is often said, do not preempt fundamental decisions on aes
thetic or intuitive grounds; they do not make a priori commitments, and 
only let themselves be guided by the facts and the careful process of in
duction. It is, therefore, not surprising that in this, as in most such 
discussions, nothing was said about the .fottrcg of the original induction, 
or about the criteria of preelection which are inevitably at work in sci
entific decisions. Attention to these would seem to be as unimportant 
or fruitless as a discussion, say, of the "reality" of the final result.

This account of scientific procedure is not wrong; it has its use, for 
example, in broadly characterizing certain features of science as a public 
institution. But if we try to understand the actions and decisions of an 
actual contributor to science, the categories and steps listed above are 
deficient because they leave out an essential point: to a smaller or larger 
degree, the process of building up an actual scientific theory requires 
explicit or implicit decisions, such as the adoption of certain hypotheses
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and criteria of preselection that are not at all scientifically "valid" in the 
sense previously given and usually accepted.  ̂One result of this recog
nition will be that the dichotomy between scientific and humanistic 
scholarship, which is undoubted and real at many levels, becomes far 
less impressive if one looks carefully at the construction of scientific 
theories. This will become evident first at the place where explicit and 
implicit decisions are most telling—namely in the formation, testing, 
and acceptance or rejection of hypotheses.

7

To illustrate this point as concretely as possible, let us look at a case 
for which it has long been thought the last word had been said. As is 
well known, Book III of Newton's PmNCiPiA, which was supposed to use 
the principles and mathematical apparatus developed in Books I and II 
to "demonstrate the frame of the System of the World," opens with a sec
tion that is as short as it is initially surprising: the four rules of reason
ing in philosophy, the Regulae Philosophandi. At any rate, they appear 
so in the third edition, of 1726, known to us usually through Motte's 
translation of 1729. These are, of course, well-known rules, and I need 
remind you of them only briefly. They can be paraphrased as follows:

I. Nature is essentially simple; therefore, we should not introduce 
more hypotheses than are sufficient and necessary for the explanation of 
observed facts. This is a hypothesis, or rule, of simplicity and 
caMjag.

II. Hence, as far as possible, similar effects must be assigned to the 
same cause. This is a principle of uniformity of nature.

III. Properties common to all those bodies within reach of our experi
ments are to be assumed (even if only tentatively) as pertaining to all 
bodies in general. This is a reformulation of the first two hypotheses and 
is needed for forming universals.

IV. Propositions in science obtained by wide induction are to be re
garded as exactly or approximately true until phenomena or experiments 
show that they may be corrected or are liable to exceptions. This prin
ciple states that propositions induced on the basis of experiment should 
not be confuted merely by proposing contrary hypotheses.

It has been justly said that these epistemological rules are by no means 
a "model of logical coherence."  ̂They grew in a complex way, starting
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from only two rules (I and II) in the first edition of the PRiNCiPiA 
(1687) where they were still called Hypotheses I and II. As Newton, 
with growing dislike for controversy, came to make the corrections for 
the third edition, he added the polemical rule IV which is a counter
attack on the hypotheses-laden missiles from the Cartesians and Leib- 
nizians.

But it turns out that Newton at one time was on the verge of going 
further. It was discovered only during an analysis of Newton's manu
scripts by Alexandre Koyre  ̂ that Newton had written a lengthy 77/dt 
Rufg, and then had suppressed it. The significant parts of it for our pur
pose are the first and last sentences of this rule, and the likely reasons 
why it had to be suppressed.

"Rule V. Whatever is not derived from things themselves, whether by 
the external senses or by internal cogitation, is to be taken for hypotheses. 
. . . And what neither can be demonstrated from the phenomena nor 
follows from them by argument based on induction, I hold as hy
potheses."

To us, even as to Newton's contemporaries, disciples, and defenders, 
the sense in which Newton uses here the word "hypothesis" in the sup
pressed rule is clearly pejorative. It was after all Newton himself who, in 
1704, had written as the first sentence of the OpTiCKS, "My design in 
this Book is not to explain the Properties of Light by Hypotheses, but to 
propose them, and prove them by Reason and Experiment." And in this 
and other ways, he had begun to sound the declaration non
/ingo in the second, 1713, edition of the PmNCiPiA. We are apt to re
member this slogan rather than the fact that in Newton's work from 
beginning to end, and even in the last edition of the PmNCiPiA itself, one 
can readily find explicit hypotheses as well as disguised ones. And we are 
apt to overlook that rules against hypotheses are themselves methodo
logical hypotheses of considerable complexity.

But, then, is it not strange that Newton after all did suppress this Fifth 
Rule which the Newtonians after him, his modern, empiricist disciples, 
from Cotes to Dessauer, would accept readily? To understand why New
ton may have done this is of importance if we want to understand the 
cost of having so long been the philosophical heirs of the victorious side 
in that seventeenth-century quarrel concerning what science should be 
like.

The answer has, I think, several elements, but one is surely an ancient
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one: that disciples are usually eager to improve on the master, and that 
the leader of a movement sometimes discovers he cannot or does not wish 
to go quite as fast to the Promised Land as those around him. (Thus, it 
was not Cortes but the men he had left in charge of Mexico who, as soon 
as his back was turned, tried to press the victory too fast to a conclusion 
and began to slaughter the Aztecs, with disastrous consequences.)

Here it is significant that Newton had only said, in one draft of his 
General 5*eAolzMw: "I avoid hypotheses"; and in the final version, "I do 
not feign hypotheses," i.e., I make no false hypotheses. But his spokes
man and friend, Samuel Clarke, translated him to read: "And hypothe
ses I waAe not"; and Andrew Motte rendered it as the famous "I frame 
no hypotheses." In this, as in several other places, Newton's protagonists 
went much further than he did and seemed to ask for a Baconian sense 
of certainty in science which Newton knew did not exist.

Newton had indeed exposed and rejected certain hypotheses as detri
mental; he knew how to tolerate others as being at least harmless; and 
he, like everyone else, knew how to put to use those that are verifiable or 
falsifiable. But the fact is that Newton also found one class of hypotheses 
to be impossible to avoid in his pursuit of natural philosophy—a class 
that shared with Cartesian hypotheses the characteristic of neither being 
demonstrable from the phenomena nor following from them by an argu
ment based on induction, to use the language in Newton's suppressed 
Fifth Rule itself. The existence, nay, the necessity, at certain stages, of 
entertaining such unverihable and unfalsifiable, and yet not quite arbi
trary, hypotheses—that is an embarrassing conception which did not 
and does not fit into a purely positivistically oriented philosophy of sci
ence. For the decision whether to entertain such hypotheses is coupled 
neither to observable facts nor to logical argument.

In Newton's case, two obvious examples of his use of this class of 
hypotheses—to which I refer as "thematic" propositions or thematic 
hypotheses, for reasons to be discussed later—appear in his theory of 
matter and his theory of gravitation. On the latter, A. Rupert Hall and 
Marie Boas Hall, in their book UNPUBLISHED SCIENTIFIC PAPERS OF 
SiR ISAAC NEWTON, have printed the first manuscript draft of the 
General ĉAoizMm (written in January, 1712-13) in which Newton 
very plainly confesses his inability to couple the hypothesis of gravi
tational forces with observed phenomena: "I have not yet disclosed 
the cause of gravity, nor have I undertaken to explain it, since I could
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not understand it from the phenomena. For it does not arise from the 
centrifugal force of any vortex, since it does not tend to the axis of a 
vortex but to the center of a planet."^ And speaking of Newton's in
ability to arrive at the cause of gravity from phenomena, the Halls 
add: "In one obvious sense, this is true, and in that sense it knocks the 
bottom out of the aethereal hypothesis. In another sense it is false: 
Newton knew that God was the cause of gravity, as he was the cause of 
all natural forces__ ""

Exactly so-—for this indeed was Newton's central presupposition in 
the theory of gravitation. The Halls continue, "That this statement 
could be both true and false was Newton's dilemma: In spite of his con
fident expectations, physics and metaphysics (or rather theology) did 
not smoothly combine. In the end, mechanism and Newton's con
ception of God could not be reconciled . . . .  Forced to choose, Newton 
preferred God to Leibniz."

That Newton could not bring himself to announce this hypothesis in 
the P R iN C iP iA  is not strange since the grounds of the hypothesis are so 
foreign to the avowed purpose of this book on the M A T H E M A T IC A L  P R IN 

C IP L E S  O F  N A T U R A L  P H IL O S O P H Y . And also, a thematic hypothesis be
comes more persuasive the longer the period of unsuccessful attempts to 
use other hypotheses, namely, those that ar<? coupled to phenomena. 
The thematic hypothesis is often an impotency proposition, in the sense 
that the search for alternatives has proved to be vain. The point when 
one is forced to rely on thematic hypotheses is exactly when one has to 
say, with Newton: "I could not understand it from the phenomena."

So when we approach the physics of a man like Newton, and even 
when we try to interpret his epistemological position, we must look be
yond the explicit and obvious component of it, the basically operationist 
and relativistic physics of observable events. What made his work mean
ingful to Newton was surely that in his physics he was concerned with a 
God-penetrated, real world: God himself is standing behind the scenes, 
like a marionette player, moving the unseen strings of the puppets that 
merely act out the thoughts in His great sensorium. And this is a prop
osition which Newton tried to avoid having to state openly, where his 
friends and enemies would see it, though this reluctance accounts for 
some of the strange tension which pervades the P R iN C iP iA  and his other 
writing. Reading Newton, one is struck by the fact that below the surface 
the major problems which haunted him were very closely related. They
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are: (a) the cause of gravity, whose existence only he had "established 
from phenomena"; (b) the existence of other forces, e.g., short-range 
forces to explain cohesion, chemical phenomena, etc.; (c) the nature of 
space and time, what he called the "sensory" of God; (d) and last, but 
not least, the proofs for the existence of the Deity (namely, by showing 
that there can be no other final causes for demonstrated forces and mo
tions than the Deity—that, therefore, the Deity not only has properties, 
but also "dominion").

In Newton's physics, the hypothesized "sensory" of God is the cut-off 
point beyond which it was unnecessary and inappropriate to ask further 
questions. And this is an important function of a thematic hypothesis, 
which by its very nature is not subject to verification or falsification. For 
unlike the usual class of hypothesis—which, to use Aristotle's formula, is 
a statement that may be "believed by the learner" but ultimately is "a 
matter of proof"—the thematic hypothesis is precisely built as a bridge 
over the gap of ignorance. Thus, as scientists, we cannot and need not 
ask wAy if tf that we believe, with Descartes, in an "inescapably believ
able" proposition; or why it is that we can perceive correspondences be
tween certain observations and the predictions that follow from a model; 
or nowadays, for that matter, with Niels Bohr, why we can "build up an 
understanding of the regularities of nature upon the consideration of 
pure number."

17

We have indeed left the recipe for a step-by-step construction of scien
tific theory far behind. Let us now turn from the specific example and 
attempt to discern in a schematic way what the analysis of scientific 
theories in terms of themata adds to the more conventional kind of 
analysis.

Regardless of what scientific statements they believe to be "meaning
less," all philosophies of science agree that two types of proposition are 
not meaningless, namely, statements concerning empirical matters of 
"fact" (which ultimately boil down to meter readings), and statements 
concerning the calculus of logic and mathematics (which ultimately boil 
down to tautologies).

There are clearly difficulties here that we might well discuss. For ex
ample, the empirical matters of fact of modem science are not simply 
"observed," but are nowadays more and more obtainable only by way
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of a detour of technology (to use a term of Heisenberg's) and a detour 
of theory. But in the main we can distinguish between these two types of 
"meaningful" statements quite weil. Let us call them respectively em- 
/wicaf (or and awa/yhcaf statements, and think of them
as if they were arrayed respectively on orthogonal x- and y-axes; thereby 
we can represent these two "dimensions" of usual scientific discourse by 
a frank analogy, and generate terminology which will be useful as long 
as we do not forget that all analogy has its limits.

Now we may use the x-y plane to analyze the concepts of science (such 
as force), and the propositions of science, e.g., a hypothesis (such as "X- 
rays are made of high energy photons") or a general scientific law 
(such as the law of universal gravitation). The are analogous
to points in the x-y plane, having x- and y-coordinates. The jSroj&ojf- 
tionj are analogous to line elements in the same plane, having projected 
components along x- and y-axes.

To illustrate, consider a concept such as force. It has empirical, x- 
dimension meaning because forces can be qualitatively discovered and, 
indeed, quantitatively measured, by, say, the observable deflection of 
solid bodies. And it has analytical, y-dimension meaning because forces 
obey the mathematics of vector calculus (e.g., the parallelogram law 
of composition of forces), rather than, for example, the mathematics of 
scalar quantities.

Now consider a proposition (a hypothesis, or a law): the law of uni
versal gravitation has an empirical dimension or x-component—for ex
ample, the observation in the Cavendish experiment where massive ob
jects are "seen" to "attract" and where this mutual effect is measured. 
And the law of universal gravitation has an analytical or y-component, 
the vector-calculus rules for the manipulation of forces in Euclidean 
space.

An interpolation is here in order, to avoid the impression that there is 
some absolute meaning intended for the x- or y-components. Indeed, it 
is preferable to use the term "heuristic-analytic" for the y-dimension, on 
grounds which I can at least indicate by noting that there exist in prin
ciple infinitely many possible logical and mathematical systems, in
cluding mutually contradictory ones, from which we choose those that 
suit our purposes. On the x-axis we do not appear to have this degree 
of freedom to make "arbitrary" decisions on heuristic grounds. At 
least at first glance, we seem constrained to deal with the phenomena of
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our natural world as they present themselves to us, rather than with 
many mutually contradictory worlds of phenomena from which we 
might be free to select those to which we wish to pay attention. How
ever, one can at least imagine worlds that are quite differently con
structed, where on the one hand an infinitely large pool of phenomena 
contains "contradictory" sets (i.e., stones that sometimes fall and some
times rise, in some random sequence), but where on the other hand our 
logical and mathematical tools are severely restricted—say, only to 
Aristotelian syllogisms and elementary arithmetic. Then we would be 
forced to select from all possible observables those which can be repre
sented and discussed in terms of scalar quantities, and we would have to 
exclude forces, acceleration, momenta, etc. In that case, the x-dimen- 
sion could be named the dimension of heuristic-empirical statements.

Now, to some extent we arc in this situation even now in our "real" 
world. We get a hint of it when we think of the great number of phe
nomena that are thought to be important today, but that were unknown 
yesterday;? or if we think of the continual change in the allegory (for 
example, the allegory of motion itself), from the Aristotelian concep
tion which equated motion and change of any kind, to the modern, 
much attenuated idea of motion as the rate of change of distance or 
displacement with respect to time, or quantifiable local motion.

We realize the same point also when we think of all the "phenomena" 
which at any time are simply not admitted into science—for example, 
heat and sound in Galileo's physics, or most types of single-event oc
currences that do not promise experimental control or repetition in 
modern physical science. In short, we are always surrounded on all 
sides by far more "phenomena" than we can use, and which we decide 
—and must decide—to discard at any particular stage of science.

The choice of allowable analytical systems is in principle also very 
large. Thus, any point, on any object, could for purposes of kinematical 
description be regarded as the center of the world. But the choice, in 
practice, is quite restricted. Indeed, the reason that science, until the late 
nineteenth century, was so sure of the uniqueness of the given world is 
to be sought in the fact that the analytical systems then available were 
so simple and had so long remained without fundamental qualitative 
changes and alternatives. Thus Newton could say in the preface of the 
P R iN C iP iA  that geometry itself is "founded in mechanical practice and is 
nothing but that part of universal mechanics which accurately proposes
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and demonstrates the art of measuring." This impression helped to rein
force the feeling that the world, found and analyzed by science in terms 
of then current x- and y-components, existed in a unique, a priori way. 
In mathematics one calls such a situation, where the potential plurality 
of solutions shrinks to one or a very few, a "degenerate" case. It is only 
after the discovery of non-Euclidean mathematics that one begins to 
see the essential arbitrariness of the y-dimension elements in which our 
scientific statements are couched, and that one becomes open to the 
suggestion that there is also an arbitrariness in the decisions about what 
x-dimension elements to select. This recognition is perhaps at the heart 
of the current agnosticism concerning the old question as to the "reality" 
of the world described in the x-y plane.

But whether they are arbitrary or not, the x-y axes have, since the 
seventeenth and eighteenth centuries, more and more defined the total 
allowable content of science and even of sound scholarship generally. 
Hume, in a famous passage, expressed eloquently that only what can be 
resolved along x- and y-axes is worthy of discussion:

If we take in our hands any volume; of divinity, or school metaphysics, for in
stance: Let us ask, Does it contain any abstract reasoning concerning quantity 
or number? No. Does it contain any experimental reasoning concerning matter 
of fact or criteria? No. Commit it then to the flames. For it can contain noth
ing but sophistry and illusion.

If we now leave the x-y, or contingent/ plane, we are going off in 
an undeniably dangerous direction. For it must be confessed at once that 
the tough-minded thinkers who attempt to live entirely in the x-y plane 
are more often than not quite justified in their doubts about the claims 
of the more tender-minded people (to use a characterization made by 
William James). The region below or above this plane, if it exists at 
all, might well be a muddy or maudlin realm, even if the names of those 
who have sometimes gone in this direction are distinguished. As Eduard 
Dijksterhuis has said:

Intuitive apprehension of the inner workings of nature, though fascinating 
indeed, tend to be unfruitful. Whether they actually contain a germ of truth 
can only be found out by empirical verification; imagination, which constitutes 
an indispensable element of science, can never even so be viewed without sus
picion.̂

And yet, the need for going beyond the x-y plane in understanding
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science and, indeed, in doing science, had been consistently voiced long 
before Copernicus, who said that the ultimate restriction on the choice 
of scientific hypotheses is not only that they must agree with observation, 
but also "that they must be consistent with certain preconceptions caiied 
'axioms of physics,' such as that every celestial motion is circular, every 
celestial motion is uniform, and so forth.'"" And if we look carefully, 
we can find even among the most hard-headed modem philosophers 
and scientists a tendency to admit the necessity and existence of a non
contingent dimension in scientific work. Thus Bertrand Russell" speaks 
of cases "where the premises of sciences turn out to be a set of pre-sup
positions neither empirical nor logically necessary"; and in a remarkable 
passage, Karl R. Popper confesses very plainly to the impossibility of 
making a science out of only strictly verifiable and justifiable elements:

Science is not a system of certain, or well-established, statements; nor is it a 
system which steadily advances towards a state of finality . . . . ffe do not 
Anew; wo con only gneM. And our guesses are guided by the unscientific . . . 
faith in laws, in regularities which we can uncover—discover. Like Bacon, 
we might describe our own contemporary science—"the method of reasoning 
which men now ordinarily apply to nature"—as consisting of "anticipations, 
rash and premature" and as "prejudices."^

One could cite and analyze similar opinions by a number of other 
scientists and philosophers. In general, however, there has been no sys
tematic development of the point. But it is exactly here that we should 
discern the existence of a door at the end of the corridor through which 
the philosophy of science has recently been traveling. To supplement 
contingency analysis, I suggest a discipline that may be called thematic 
analysis of science, by analogy with thematic analyses that have for so 
long been used to great advantage in scholarship outside science. In 
addition to the empirical or phenomenic (x) dimension and the heu
ristic-analytic (y) dimension, we can define a third, or z-axis. This third 
dimension is the dimension of fundamental presuppositions, notions, 
terms, methodological judgments and decisions—in short, of themata 
or themes—which are themselves neither directly evolved from, nor 
resolvable into, objective observation on the one hand, or logical, mathe
matical, and other formal analytical ratiocination on the other hand. 
With the addition of the thematic dimension, we generalize the plane 
in which concepts and statements were previously analyzed. It is now 
a three-dimensional "space"—using the terms always in full awareness
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of the limits of analogy—which may be called A
concept (such as force), or a proposition such as the law of universal 
gravitation, is to be considered, respectively, as a point or as a configura
tion (line) in this threefold space. Its resolution and projection is in 
principle possible on each of the three axes.

To illustrate: the phenomenic and analytic-heuristic components of 
the physical concept force (its projections in the x-y plane) have been 
mentioned. We now look at the thematic component and see that 
throughout history there has existed in science a "principle of potency." 
It is not difficult to trace this from Aristotle's trepyeta., through the neo- 
Platonic awwia and the active fir that still is to be found in
Newton's P R iN C iP iA , to the mid-nineteenth century when "Kraft" is still 
used in the sense of energy (Mayer, Helmholtz). In view of the obsti
nate preoccupation of the human mind with the theme of the potent, 
active—some might have said masculine—principle, before and quite 
apart from any science of dynamics (and also with its opposite, the pas
sive persisting principle on which it acts), it is difficult to imagine any 
science in which there would not exist a conception of force (and of its 
opposite, inertia).

It would also be difficult to understand certain conflicts. Scholastic 
physics defined "force" by a projection in the phenomenic dimension 
that concentrated on the observation of continuing terrestrial motions 
against a constantly acting obstacle; Galilean-Newtonian physics defined 
"force" quite differently, namely, by a projection in the phenomenic 
dimension that concentrated on a thought experiment such as that of 
an object being accelerated on a friction-free horizontal plane. The pro
jections above the analytic dimension differed also in the two forms of 
physics (i.e., attention to magnitudes versus vector properties of forces). 
On these two axes, the concepts of force are entirely different. But the 
reason why natural philosophers in the two camps in the early seven
teenth century thought they were speaking about the same thing, never
theless, is that they shared the need or desire to incorporate into their 
physics the same thematic conception of anhna, or ah, or Kra/f—in 
short, of force.

A second example of thematic analysis might be the way one would 
consider not a concept but a general scientific proposition. Consider the 
clear thematic element in the powerful laws of conservation of physics, 
for example the law of conservation of momentum, as formulated for the
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first time in useful form by Descartes. In Descartes's physics, as Dijkster- 
huis wrote:

All changes taking place in nature consist in motions of . . . three kinds of 
particles. The primary cause of these motions resides in God's concurrur ordi- 
narim, the continuous act of conservation. He so directs the motion that the 
total guantitai moftu (momentum), i.e., the sum of all the products of mass 
and velocity, remain constant."

This relation, 2 mv =  const., "constitutes the supreme natural law... 
This law, Descartes shows, springs from the invariability of God, in virtue 
of which, now that He has wished the world to be in motion, the vari
ation must be as invariable as possible.

Since then, we have learned to change the analytic content of the con
servation law—again, from a scalar to a more complex calculus—and 
we have extended the phenomenic applicability of this law from impact 
between palpable bodies to other events (e.g., scattering of photons). 
But we have always been trying to cling to this and to other conserva
tion laws, even at a time when the observations seem to make it very 
difficult to do so." The lAcma of conservation has remained a guide, 
even when the language has had to change. We now do not say the 
conservation law springs from the "invariability of God"; but with that 
curious mixture of arrogance and humility which scientists have learned 
to put in place of theological terminology, we say instead that the law 
of conservation is the physical expression of the elements of constancy 
by which nature makes herself understood by us.

The strong hold that certain themes have on the mind of the scientist 
helps to explain his commitment to some point of view that may in fact 
run exactly counter to all accepted doctrine and to the clear evidence of 
the senses. Of this no one has spoken more eloquently and memorably 
than Galileo when he commented on the fact that to accept the idea of 
a moving earth one must overcome the strong impression that one can 
"see" that the sun is really moving:

Nor can I sufficiently admire the eminence of those men's intelligence [Gali
leo's Salviati says in the Third Day of the Dialogue Concerning tAc Ttoo 
Principal Systems], who have received and held it [the Copernican system] 
to be true, and with the sprightliness of their judgments have done such vio
lence to their own senses that they have been able to prefer that which their 
reason dictated to them to that which sensible experience represented most
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manifestly to the contrary . . . .  I cannot find any bounds for my admiration 
how reason was able, in Aristarchus and Copernicus, to commit such rape 
upon their senses as, in spite of them, to make itself master of their belief.

Among the themata which permeate Galileo's work and which helped 
reason to "commit such rape upon their senses," we can readily discern 
the then widely current thema of the once-given real world which God 
supervises from the center of His temple; the thema of mathematical 
nature; and the thema that the behavior of things is the consequence of 
their geometrical shapes (for which reason Copernicus said the earth 
rotates "because" it is spherical, and Gilbert, following the lead, is said to 
have gone so far as to prove experimentally, at least to his own satis
faction, that a carefully mounted magnetized sphere keeps up a constant 
rotation). Thus too, Sigmund Freud in M o s E S  A ND M O N O T H E IS M , after 
surveying the overwhelmingly unfavorable evidence standing against the 
central thesis in his book, would say in effect, "But one must not be 
misled by the evidence."

7 7 7

While developing the position that themata have as legitimate and 
necessary a place in the pursuit and understanding of science as have 
observational experience and logical construction, I should make clear 
that we need not decide now also on the roarce of themata. Our first 
aim is simply to see their role in science and to describe some of them, as 
a folklorist might when he catalogues the traditions and practices of a 
people. It is not necessary to go further and to make an association of the
mata with any of the following conceptions: Platonic, Keplerian, or 
Jungian archetypes or images; myths (in the nonderogatory sense, so 
rarely used in the English language); synthetic a priori knowledge; in
tuitive apprehension or Galileo's "reason"; a realistic or absolutistic or, 
for that matter, any other philosophy of science. To show whether any 
such associations do or do not exist is a task for another time.

I also do not want to imply that the occurrence of themata is charac
teristic only of science in the last centuries. On the contrary, we see the 
thematic component at work from the very beginning, in the sources of 
cosmogonic ideas later found in Hesiod's THEOGONY and in Genesis. 
Indeed, nowhere can one see the persistence of great questions and the 
obstinacy of certain preselected patterns for defining and solving prob
lems better than in cosmologic speculations. The ancient Milesian cos-
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mologic assumptions presented a three-step scheme: at the beginning, 
in F. M. Cornford's words, there was

a primal Unity, a state of indistinction or fusion in which factors that will later 
become distinct are merged together. (2) Out of this Unity there emerge, by 
separation, parts of opposite things . . . .  This separating out finally leads to 
the disposition of the great elemental masses constituting the worid-order, and 
the formation of the heavenly bodies. (3) The Opposites interact or reunite, 
in meteoric phenomena, or in the production of individual living things . . .

Now the significant thing to notice is that when we move these con
ceptions from the animistic to the physical level, this formula of cos
mogony recurs point for point, in our day, in the evolutionist camps of 
modern cosmology. That recent theory of the way the world started pro
poses a progression of the universe from a mixture of radiation and neu
trons at time t — 0; through the subsequent stages of differentiation by 
expansion and neutron decay; and finally to the building up of heavier 
elements by thermonuclear fusion processes, preparing the ground for 
the later formation of molecules. And even the ancient main 
to the evolutionary cosmology itself, namely, the tradition of Parmenides, 
has its equivalent today in the "steady-state" theory of cosmology.

So the questions persist (e.g., concerning the possibility of some 
"fundamental stuff," of evolution, of structure, of spatial and temporal 
infinities). And the choices between alternative problem solutions also 
persist. These thematic continuities indicate the obverse side of the 
iconoclastic role of science; for science, since its dawn, has also had its 
more general themata-creating and themata-using function. James 
Clerk Maxwell expressed this well a century ago in an address on the 
subject of molecular mechanics:

The mind of man has perplexed itself with many hard questions. Is space in
finite, and in what sense? Is the material world infinite in extent, and are all 
places within that extent equaffy full of matter? Do atoms exist, or is matter 
infinitely divisible?

The discussion of questions of this kind has been going on ever since men 
began to reason, and to each of us, as soon as we obtain the use of our faculties, 
the same old questions arise as fresh as ever. They form as essential a part of 
the science of the nineteenth century of our era, as of that of the fifth century 
before it.*?

We may add that thematic questions do not get solved and disposed 
of. Nineteenth-century atomism triumphs over the ether vortices of Kel
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vin—but then field theories rise which deal with matter particles again as 
singularities, now in a twentieth-century-type continuum. The modem 
version of the cosmological theory based on the thema of a life cycle 
(Beginning, Evolution, and End) may seem to triumph on experimental 
grounds over the rival theory based on a thema of Continuous Existence, 
and throw it out the window—but we can be sure that this thema will 
come in again through the back door. For contrary to the physical 
theories in which they find embodiment in x-y terms, themata are not 
proved or disproved. Rather, they rise and fall and rise again with the 
tides of contemporaneous usefulness or intellectual fashion. And oc
casionally a great theme disappears from view, or a new theme develops 
and struggles to establish itself—at least for a time.

Maxwell's is an unusual concession, but it is not difficult to understand 
why scientists speak only rarely in such terms. One must not lose sight 
of the obvious fact that science itself has grown strong because its prac
titioners have seen how to project their discourse into the x-y plane. This 
is the plane of public science," of fairly clear conscious formulations. 
Here a measure of public agreement is in principle easy to obtain, so that 
scientists can fruitfully cooperate or disagree with one another, can 
build on the work of their predecessors, and can teach more or less 
unambiguously the current content and problems of the field. AM fields 
which claim or pretend to be scientific try similarly to project their con
cepts, statements, and problems into the x-y plane, to emphasize the 
phenomenic and analytic-heuristic aspects.

But it is clear that while there can be automatic factories run by means 
of programmed computers and the feedback from sensing elements, there 
can be no automatic laboratory. The essence of the automaton is its 
success in the x-y plane at the expense of the z-direction; (hence auto
mata do not make qualitatively new findings). And the essence of the 
genial contributor to science is often exactly the opposite—sensitivity 
in the z-direction even at the expense of success in the x-y plane. For 
while the z-dimension is never absent even in the most exact of the sci
ences as pursued by actual persons, it is a direction in which most of us 
must move explicit or conscious formulation and without train
ing; it is the direction in which the subject matter and the media for com
munication are entirely different from those invented specifically for 
discussion of matters in the x-y plane with which the scientist after long 
training can feel at home.
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Therefore it is difficult to find people who are bilingual in this sense. 
I am not surprised that for most contemporary scientists any discussion 
which tries to move self-consciously away from the x-y plane is out of 
bounds. However, it is significant that even in our time the men of 
genius—such as Einstein, Bohr, Pauli, Born, Schrodinger, Heisenberg— 
have felt it to be necessary and important to try just that. For the others, 
for the major body of scientists, the plane of discourse has been pro
gressively tilted or projected from x-y-z space into the x-y plane. (Per
haps prompted by this example, the same thing is happening more and 
more in other fields of scholarship.) The themata actually used in science 
are now largely left implicit rather than explicit. But they are no less im
portant. To understand fully the role a hypothesis or a law has in the 
development of science we need to see it also as an exemplification of 
persistent motifs, for example, the thema of "constancy" or of "conser
vation"; of quantification; of atomistic discreteness; or inherently prob
abilistic behavior; or—to return to our example from Newton—of the 
interpenetration of the worlds of theology and of physics. Indeed, in this 
way we can make a useful differentiation that to my knowledge has not 
been noted before, namely, that Newton's gxpgn'mgHiaf, and

philosophy is science carried on in the x-y plane, whereas 
Newton's more covert and more general natural philosophy is science in 
the x-y-z proposition spaced"

IF

I have spoken mostly of the physical sciences. I might, with equal or 
greater advantage, have dealt with the newer sciences, which do not have 
a highly developed corpus either of phenomena or of logical calculi and 
rational structure. In those cases, the z-elements are not only still rela
tively more prominent but also are discussed with much greater freedom 
—possibly because at its early stage a Held of study still bears the over
whelming imprint of one or a few men of genius. It is they who, I believe, 
are particularly "themata-prone," and who have the necessary courage 
(or folly?) to make decisions on thematic grounds.

This was the case in early mechanics, chemistry and biology, and 
again, with relativity and the new quantum mechanics. I suspect that an 
analogous situation has held in early modern psychology and sociology. 
Moreover, in those Helds, as in the natural sciences during a stage of 
transformation, the signiHcance and impact of themata is indicated by
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the fact that they force upon people notions that are usually regarded as 
paradoxical, ridiculous, or outrageous. I am thinking here of the "ab
surdities" of Copernicus's moving earth, Bruno's infinite worlds, Galileo's 
inertial motion of bodies on a horizontal plane, Newton's gravitational 
action without a palpable medium of communication, Darwin's descent 
of man from lower creatures, Einstein's twin paradox and maximum 
speed for signals, Freud's conception of sexuality of children, or Heisen
berg's indeterminacy conception. The wide interest and intensity of such 
debates, among both scientists and enraged or intrigued laymen, is an 
indication of the strength with which themata—and frequently conflict
ing ones—are always active in our consciousness.

And the thematic component is most obvious when a science b young, 
and therefore has not yet elaborated the complex hierarchical structure 
of hypotheses which Richard Braithwaite has pointed out to be the mark 
of an advanced science. As a result, the chain leading from observational 
"facts" to the most general hypotheses—those with a large thematic com
ponent—is not long, as in, say, modem physics or chemistry, but is fairly 
short. A physical scientist is used to having his most general and most 
thematic hypotheses safely out of sight, behind the clouds of a majestic 
Olympus; and so he is apt to smile when he sees that the altar of other 
gods stands on such short legs. When, for example, a chemist interprets a 
half-dozen clicks on a Geiger counter as the existence of a new chemical 
element at the end of the Periodic Table, he implicitly (and, if chal
lenged, explicitly) runs up on a ladder of hierarchically connected hy
potheses, each of which has yorng demonstrable phenomenic and heur
istic-analytic component, until at the top he comes up to the general 
thematic hypotheses—which he is, by agreement of this fraternity, ex
empt from going into—namely, the thematic hypotheses of atomicity, 
of constancy, of the transformability of qualities, of the ordering role of 
integers. In contrast, the early psychoanalysts, for example, tried to go by 
a relatively untortuous route from the detail of observed behavior to the 
generality of powerful principles. Freud himself once warned of the "bad 
habit of psychoanalysis . . .  to take trivia as evidence when they also 
admit of another, less deep explanatory scheme."""

I do not, of course, say this to condemn a science, but on the contrary 
to point out a difference between it and the physical sciences which, I 
hope, may help to explain the attitude of "hard" scientists to fields out
side their own (or even of psychologists of one school to those of an-
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other). At the same time, it may heip to elucidate why disciplines such 
as psychology (and certainly history) are so constructed that they are 
wrong to imitate the habit in the modern physical sciences to depress or 
project the discussion forcibly to the x-y plane. When the thematic com
ponent is as strong and as explicitly needed as it is in these fields, the 
criteria of acceptability should be able to remain explicitly in three- 
dimensional proposition space. To cite an instance, I am by no means im
pressed with the ConcfMjfoT: at the end of R. G. Collingwood's influ
ential book, E S S A Y  O N  P H IL O S O P H IC A L  M E T H O D :

The natural scientist, beginning with the assumption that nature is rational, 
has not allowed himself to be turned from that assumption by any of the 
difficulties into which it has led him; and it is because he has regarded that 
assumption as not only legitimate but obligatory that he has won the respect of 
the whole world. If the scientist is obliged to assume that nature is rational, 
and that any failure to make sense of it is a failure to understand it, the cor
responding assumption is obligatory for the historian, and this not least when 
he is the historian of thought.^

This is a statement of the most dangerous kind, not because it is so easy to 
show it is wrong, but because it is so difficult to show this.

T

Much could, and should, be said about other problems in the thematic 
analysis of science, such as the mechanisms by which themata change; 
or the way in which the choice of a thematic hypothesis governs what 
we are to look for in the x-y plane and what we do with the findings; or 
the remarkably small number of different themata that, over time, seem 
to have played the important roles in the development of science; or the 
fact, implied in the examples given, that most and perhaps all of these 
themata are not restricted merely to uses in scientific context, but seem 
to come from the less specialized ground of our general imaginative 
capacity.

But in closing I might best simply restate how these conceptions can 
help us to a view that goes beyond the usual antithetical juxtaposition 
between science and the humanities. For the much lamented separation 
between science and the other components of our culture depends on the 
oversimplification that science is done only in the contingent plane, 
whereas scholarly or artistic work involves basic decisions of a different
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kind, with predominantly aesthetic, qualitative, mythic elements. In my 
view this dichotomy is much attenuated, if not eliminated, if we see that 
in science, too, the contingent plane is not enough, and never has been.

It is surely unnecessary to warn that despite the appearance and re
appearance of the same thematic elements in science and outside, we 
shall not make the mistake of thinking that science and nonscience are 
at bottom somehow the same activity. There are differences which we 
should treasure. As Whitehead once said about the necessity to tolerate, 
no, to zuoZoomo national differences: "Men require of their neighbors 
something sufficiently akin to be understood, something sufficiently 
di^oronf to provoke attention, and something great enough to com
mand admiration." It is in the same sense that we should be prepared 
to understand the separateness that gives identity to the study of each 
field, as well as the kinship that does exist between them.

To return, therefore, to Newton's Fifth Rule of Reasoning: he surely 
must have known that he could not publish it and remain true to his own 
work and that of most major innovators. As Newton's suppressed rule 
stands, it ends, you will recall, with the words: "Those things which 
neither can be demonstrated from the phenomena nor follow from 
them by an argument of induction, I hold as hypotheses." To be justified 
in publishing this rule Newton would have had to add something—- 
perhaps this sentence: "And such hypotheses, namely thematic hypoth
eses, do also have place in natural philosophy."
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2 JOHANNES KEPLER'S UNIVERSE:
ITS PHYSICS AND METAPHYSICS

l n E  important publications of Johannes Kepler (1571-1630) pre
ceded those of Galileo, Descartes, and Newton in time, and in 

some respects they are even more revealing. And yet, Kepler has been 
strangely neglected and misunderstood. Very few of his voluminous 
writings have been translated into English/ In this language there has 
been neither a full biography" nor even a major essay on his work in 
over twenty years. Part of the reason lies in the apparent confusion of 
incongruous elements—physics and metaphysics, astronomy and astrol
ogy, geometry and theology—which characterizes Kepler's work. Even 
in comparison with Galileo and Newton, Kepler's writings are strikingly 
different in the of preoccupation. He is more evidently rooted in
a time when animism, alchemy, astrology, numerology, and witchcraft 
presented problems to be seriously argued. His mode of presentation is 
equally uninviting to modern readers, so often does he seem to wander 
from the path leading to the important questions of physical science. 
Nor is this impression merely the result of the inevitable astigmatism of 
our historical hindsight. We are trained on the ascetic standards of pre
sentation originating in Euclid, as reestablished, for example, in Books I 
and II of Newton's P R iN C ip iA ,"  and are taught to hide behind a rigorous 
structure the actual steps of discovery—those guesses, errors, and oc-
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casional strokes of good luck without which creative scientific work does 
not usually occur. But Kepler's embarrassing candor and intense emo
tional involvement force him to give us a detailed account of his tortu
ous progress. He still allows himself to be so overwhelmed by the beauty 
and variety of the world as a whole that he cannot yet persistently limit 
his attention to the main problems which can in fact be solved. He gives 
us lengthy accounts of his failures, though sometimes they are tinged 
with ill-concealed pride in the difficulty of his task. With rich imagi
nation he frequently finds analogies from every phase of life, exalted or 
commonplace. He is apt to interrupt his scientific thoughts, either with 
exhortations to the reader to follow a little longer through the almost 
unreadable account, or with trivial side issues and textual quibbling, or 
with personal anecdotes or delighted exclamations about some new geo
metrical relation, a numerological or musical analogy. And sometimes he 
breaks into poetry or a prayer—indulging, as he puts it, in his "sacred 
ecstasy." We see him on his pioneering trek, probing for the firm ground 
on which our science could later build, and often led into regions which 
we now know to be unsuitable marshland.

These characteristics of Kepler's style are not merely idiosyncrasies. 
They mirror the many-sided struggle attending the rise of modem sci
ence in the early seventeenth century. Conceptions which we might now 
regard as mutually exclusive are found to operate side-by-side in his in
tellectual make-up. A primary aim of this essay is to identify those dis
parate elements and to show that in fact much of Kepler's strength 
stems from their juxtaposition. We shall see that when his physics fails, 
his metaphysics comes to the rescue; when a mechanical model breaks 
down as a tool of explanation, a mathematical model takes over; and at 
its boundary in turn there stands a theological axiom. Kepler set out to 
unify the classical picture of the world, one which was split into celestial 
and terrestrial regions, through the concept of a universal physical 
/orce; but when this problem did not yield to physical analysis, he readily 
returned to the devices of a unifying image, namely, the central sun 
ruling the world, and of a unifying ^rincipie, that of all-pervading math
ematical harmonies. In the end he failed in his initial project of provid
ing the mechanical explanation for the observed motions of the planets, 
but he succeeded at least in throwing a bridge from the old view of the 
world as unchangeable cojmoj to the new view of the world as the play
ground of dynamic and mathematical laws. And in the process he turned
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up, as if it were by accident, those clues which Newton needed for the 
eventual establishment of the new view.

Toztwd a Cef&ffta/ AfacAtng

A joMwd /or and a commitment to nco-PJatonic meta-
pAyjtcj—these are Kepler's two main guides which are now to be ex
amined separately and at their point of merger. As to the first, Kepler's 
genius in physics has often been overlooked by critics who were taken 
aback by his frequent excursions beyond the bounds of science as they 
came to be understood later, although his D io P T R i c E  (1611) and his 
mathematical work on infinitesimals (in N o v A  S T E R E O M E T R iA , 1615) 
and on logarithms ( C m n A S  L o G A R iT H M O R U M , 1624) have direct ap
peal for the modem mind. But even Kepler's casually delivered opinions 
often prove his insight beyond the general state of knowledge of his day. 
One example is his creditable treatment of the motion of projectiles on 
the rotating earth, equivalent to the formulation of the superposition 
principle of velocities.* Another is his opinion of the pcrpcfMMm moMc.*

As to this matter, I believe one can prove with very good reasons that 
neither any never-ending motion nor the quadrature of the circle—two prob
lems which have tortured great minds for ages—will ever be encountered or 
offered by nature/

But, of course, on a large scale, Kepler's genius lies in his early search 
for a physics of the solar system. He is the first to look for a Mwfccrjal 
pAŷ tcaf law on fcrrcilrial mcc/mmcj to comprehend the whole
universe in its quantitative details. In the Aristotelian and Ptolemaic 
world schemes, and indeed in Copernicus's own, the planets moved in 
their respective orbits by laws which were either purely mathematical 
or mechanical in a nonterrestrial sense. As Goldbeck reminds us, Co
pernicus himself still warned to keep a clear distinction between celestial 
and merely terrestrial phenomena, so as not to "attribute to the celestial 
bodies what belongs to the earth."" This crucial distinction disappears in 
Kepler from the beginning. In his youthful work of 1596, the M Y S T E R - 

IU M  C o s M O G R A P H ic u M , a single geometrical device is used to show the 
necessity of the observed orbital arrangement of all planets. In this re
spect, the earth is treated as being an equal of the other planets/ In the 
words of Otto Bryk,

The central and permanent contribution lies in this, that for the first time
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the whole world structure was subjected to a single law of construction— 
though not a force law such as revealed by Newton, and only a non-causative 
relationship between spaces, but nevertheiess one single law.s

Four years later Kepler meets Tycho Brahe and from him learns to re
spect the power of precise observation. The merely approximate agree
ment between the observed astronomical facts and the scheme laid out 
in the MYSTERiUM CosMOGRAPHicuM is no longer satisfying. To be sure, 
Kepler always remained fond of this work, and in the DissERTATio CUM 
NuNCio SiDEREO (1610) even hoped that Galileo's newly-found moons 

of Jupiter would help to fill in one of the gaps left in his geometrical 
model. But with another part of his being Kepler knows that an entirely 
different approach is wanted. And here Kepler turns to the new con
ception of the universe. While working on the AsTRONOMiA NovA in 

1605, Kepler lays out his program :

I am much occupied with the investigation of the physical causes. My aim 
in this is to show that the celestial machine is to be likened not to a divine 
organism but rather to a clockwork . . . , insofar as nearly all the manifold 
movements are carried out by means of a single, quite simple magnetic force, 
as in the case of a clockwork all motions [are caused] by a simple weight. 
Moreover I show how this physical conception is to be presented through 
calculation and geometry.**

The celestial machine, driven by a single terrestrial force, in the image 
of a clockwork! This is indeed a prophetic goal. Published in 1609, the 
A sT R O N O M iA  NovA significantly bears the subtitle P H Y S iC A  C o E L E S T is .  

The book is best known for containing Kepler's First and Second Laws 
of planetary motion, but it represents primarily a search for one uni
versal force law to explain the motions of planets—Mars in particular— 
as well as gravity and the tides. This breathtaking conception of unity is 
perhaps even more striking than Newton's, for the simple reason that 
Kepler had no predecessor.

TAc PAynci o/ fAe Celeihaf MacAtnc

Kepler's first recognition is that forces between bodies are caused not 
by their relative positions or their geometrical arrangements, as was ac
cepted by Aristotle, Ptolemy, and Copernicus, but by mechanical in-
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teractions between the material objects. Already in the M Y S T E R iU M  

C o s M O G R A P H ic u M  (Chapter 17) he announced 'WM t̂tm pawctum, 
centrum gra^e eyf," and he gave the example of the attraction 

between a magnet and a piece of iron. In William Gilbert's DE M A G -  

N E T E  (1600), published four years later, Kepler Ends a careful expla
nation that the action of magnets seems to come from pole points, but 
must be attributed to the parts of the body, not the points.

In the spirited Objections which Kepler appended to his own trans
lation of Aristotle's Iltpt ouparov, he states epigrammatically "Das Af:t tefe 
is nttr ein DM^^in/' and he elaborates as follows:

How can the earth, or its nature, notice, recognize and seek after the center 
of the world which is only a little point [Dtip̂ hn]—and then go toward it? 
The earth is not a hawk, and the center of the world not a little bird; it [the 
center] is also not a magnet which could attract the earth, for it has no sub
stance and therefore cannot exert a force.

In the Introduction to the A sT R O N O M iA  N o v A ,  which we shall now 
consider in some detail, Kepler is quite explicit:

A mathematical point, whether it be the center of the world or not, cannot 
move and attract a heavy object . . . .  Let the [Aristotelian] physicists prove 
that such a force is to be associated with a point, one which is neither cor
poreal nor recognisable as anything but a pure reference [mark].

Thus what is needed is a "true doctrine concerning gravity"; the 
axioms leading to it include the following:

Gravitation consists in the mutual bodily striving among related bodies to
ward union or connection; (of this order is also the magnetic force).

This premonition of universal gravitation is by no means an isolated 
example of lucky intuition. Kepler's feeling for the physical situation is 
admirably sound, as shown in additional axioms:

If the earth were not round, a heavy body would be driven not everywhere 
straight toward the middle of the earth, but toward different points from 
different places.

If one were to transport two stones to any arbitrary place in the world, 
closely together but outside the field of force [extra orbe firtuth] of a third 
related body, then those stones would come together at some intermediate 
place similar to two magnetic bodies, the first approaching the second through 
a distance which is proportional to the mass [mofM] of the second.
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And after this precursor of the principle of conservation of momentum, 
there follows the first attempt at a good explanation for the tides in 
terms of a force of attraction exerted by the moon.

But the Achilles' heel of Kepier's celestiai physics is found in the very 
first "axiom," in his Aristotelian conception of the law of inertia, where 
inertia is identified with a tendency to come to rest—caMra privati&a 
motMr.'

Outside the held of force of another related body, every bodily substance, 
insofar as it is corporeal, by nature tends to remain at the same place at 
which it finds itselfA"

This axiom deprives him of the concepts of mass and force in useful 
form—the crucial tools needed for shaping the celestial metaphysics of 
the ancients into the celestial physics of the modems. Without these con
cepts, Kepler's world machine is doomed. He has to provide separate 
forces for the propulsion of planets tangentially along their paths and 
for the radial component of motion.

Moreover, he assumed that the force which reaches out from the sun 
to keep the planets in tangential motion falls inversely with the increas
ing distance. The origin and the consequences of this assumption are 
very interesting. In Chapter 20 of the M Y S T E R iU M  C o s M O G R A P H ic u M , 

he speculated casually why the sidereal periods of revolution on the 
Copernican hypothesis should be larger for the more distant planets, and 
what force law might account for this:

We must make one of two assumptions: either the forces of motion [animae 
motn'cM] [are inherent in the planets] and are feebler the more remote they 
are from the sun, or there is only one ammo matrix at the center of the orbits, 
that is, in the sun. It drives the more vehemently the closer the [moved] body 
lies; its effect on the more distant bodies is reduced because of the distance 
[and the corresponding] decrease of the impulse. Just as the sun contains the 
source of light and the center of the orbits, even so can one trace back to this 
same sun life, motion and the soul of the world . . . .  Now let us note how this 
decrease occurs. To this end we will assume, as is very probable, that the 
moving effect is weakened through spreading from the sun in the same manner 
as light.

This suggestive image—with its important overtones which we shall 
discuss below—does, however, not lead Kepler to the inverse-square law 
of force, for he is thinking of the spreading of light m a plana, cor-
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responding to the plane of planetary orbits. The decrease of light inten
sity is therefore associated with the linear increase in circumference for 
more distant orbits! In his pre-Newtonian physics, where force is pro
portional not to acceleration but to velocity, Kepler finds a ready use for 
the inverse first-power law of gravitation. It is exactly what he needs to 
explain his observation that the speed of a planet in its elliptical orbit 
decreases linearly with the increase of the planet's distance from the sun. 
Thus Kepler's Second Law of Planetary Motion—-which he actually 
discovered the so-called First and Third laws—finds a partial
physical explanation in joining several erroneous postulates.

In fact, it is clear from the context that these postulates originally 
suggested the Second Law to Kepler/* But not always is the final out
come so happy. Indeed, the hypothesis concerning the physical forces 
acting on the planet seriously delays Kepler's progress toward the law of 
elliptical orbits (First Law). Having shown that "the path of the planet 
[Mars] is not a circle but an oval figure," he attempts (Chapter 45, 
A sT R O N O M iA  NovA) to find the details of a physical force law which 
would explain the "oval" path in a quantitative manner. But after ten 
chapters of tedious work he has to confess that "the physical causes in 
the forty-fifth chapter thus go up in smoke." Then in the remarkable 
fifty-seventh chapter, a final and rather desperate attempt is made to 
formulate a force law. Kepler even dares to entertain the notion of 
combined magnetic influences and animal forces an:fnal:<z] in the 
planetary system. Of course, the attempt fails. The accurate clockwork
like celestial machine cannot be constructed.

To be sure, Kepler does not give up his conviction that a universal 
force exists in the universe, akin to magnetism. For example, in Book 4 
of the E r iT O M E  O F C o p E R N iC A N  A S T R O N O M Y  ( 1620) ,  we encounter the 
picture of a sun as a spherical magnet with one pole at the center and 
the other distributed over its surface. Thus a planet, itself magnetized 
like a bar magnet with a fixed axis, is alternately attracted to and re
pelled from the sun in its elliptical orbit. This is to explain the radial 
component of planetary motion. The tangential motion has been pre
viously explained (in Chapter 34, A sT R O N O M iA  N o v A )  as resulting from 
the drag or torque which magnetic lines of force from the rotating sun 
are supposed to exert on the planet as they sweep over it. But the picture 
remains qualitative and incomplete, and Kepler does not return to his 
original plan to "show how this physical conception is to be presented
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through calculation and geometry."" Nor does his long labor bring him 
even a fair amount of recognition. Galileo introduces Kepler's work into 
his discussion on the world systems only to scoff at Kepler's notion that 
the moon affects the tides/" even though Tycho Brahe's data and 
Kepler's work based on them had shown that the Gopemican scheme 
which Galileo was so ardently upholding did not correspond to the ex
perimental facts of planetary motion. And Newton manages to remain 
strangely silent about Kepler throughout Books I and II of the P R iN C i-  

p iA , by introducing the Third Law anonymously as "the phenomenon of 
the 3/2th power" and the First and Second Laws as "the Coperntcan 
hypothesis."*" Kepler's three laws have come to be treated as essentially 
empirical rules. How far removed this achievement was from his original 
ambition!

First Criterion o/ Feaiity; TAe PAysicai Operations o/ N ature

Let us now set aside for a moment the fact that Kepler failed to build 
a mechanical model of the universe, and ask why he undertook the task 
at all. The answer is that Kepler (rather like Galileo) was trying to es
tablish a new philosophical interpretation for "reality." Moreover, he 
was quite aware of the novelty and difficulty of the task.

In his own words, Kepler wanted to "provide a philosophy or physics 
of celestial phenomena in place of the theology or metaphysics of Aris
totle."** Kepler's contemporaries generally regarded his intention of 
putting laws of physics into astronomy as a new and probably pointless 
idea. Even Michael Mastlin, Kepler's own beloved teacher, who had 
introduced Kepler to the Gopemican theory, wrote him on October 1, 
1616:

Concerning the motion of the moon you write you have traced all the in
equalities to physical causes; I do not quite understand this. I think rather 
that here one should leave physical causes out of account, and should explain 
astronomical matters only according to astronomical method with the aid of 
astronomical, not physical, causes and hypotheses. That is, the calculation 
demands astronomical bases in the held of geometry and arithmetic . . . .

The difference between Kepler's conception of the "physical" prob
lems of astronomy and the methodology of his contemporaries reveals 
itself clearly in the juxtaposition of representative letters by the two 
greatest astronomers of the time—Tycho Brahe and Kepler himself.
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Tycho, writing to Kepler on December 9, 1599, repeats the preoccupa
tion of two miHennia of astronomical speculations:

I do not deny that the celestial motions achieve a certain symmetry [through 
the Copemican hypothesis], and that there are reasons why the planets carry 
through their revolutions around this or that center at different distances from 
the earth or the sun. However, the harmony or regularity of the scheme is 
to be discovered only a posteriori . . . .  And even if it should appear to some 
puzzled and rash fellow that the superposed circular movements on the heav
ens yield sometimes angular or other figures, mostly elongated ones, then it 
happens accidentally, and reason recoils in horror from this assumption. For one 
must compose the revolutions of celestial objects definitely from circular mo
tions; otherwise they could not come back on the same path eternally in 
equal manner, and an eternal duration would be impossible, not to mention 
that the orbits would be less simple, and irregular, and unsuitable for scientific 
treatment.

This manifesto of ancient astronomy might indeed have been subscribed 
to by Pythagoras, Piato, Aristotle, and Copernicus himself. Against it, 
Kepler maintains a new stand. Writing to D. Fabricius on August 1, 
1607, he sounds the great new /etfmoh/ of astronomy: "The deference 
ccwMLf on/y in f/th, t/mf you nre eirefer, 7 MJe Modify /orcey." And in the 
same letter, he defends his use of the ellipse in place of the superposition 
of circles to represent the orbit of Mars:

When you say it is not to be doubted that all motions occur on a perfect 
circle, then this is false for the composite, i.e., the real motions. According 
to Copernicus, as explained, they occur on an orbit distended at the sides, 
whereas according to Ptolemy and Brahe on spirals. But if you speak of com
ponents of motion, then you speak of something existing in thought; i.e., some
thing that is not there in reality. For nothing courses on the heavens except 
the planetary bodies themselves—no orbs, no epicycles . . . .

This straightforward and modem-sounding statement implies that be
hind the word "real" stands "mechanical," that for Kepler the real 
world is the world of objects and of their mechanical interactions in the 
sense which Newton used; e.g., in the preface to the P R iN C iP iA :

Then from these [gravitational] forces, by other propositions which are 
also mathematical, I deduce the motions of the planets, the comets, the moon, 
and the sea. I wish we could derive the rest of the phenomena of nature by 
the same kind of reasoning from mechanical principles . .. .^
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Thus we are tempted to see Kepler as a natural philosopher of the 
mechanistic-type later identified with the Newtonian disciples. But this 
is deceptive. Particularly after the failure of the program of the A s T R O -  

N O M iA  N o v A ,  another aspect of Kepler asserted itself. Though he does 
not appear to have been conscious of it, he never resolved finally 
whether the criteria of reality are to be sought on the pAyrical or the 
nzetapAyncaZ level. The words "real" or "physical" themselves, as used 
by Kepler, carry two interpenetrating complexes of meaning. Thus on 
receiving Mastlin's letter of October 1, 1616, Kepler jots down in the 
margin his own definition of "physical":

I call my hypotheses physical for two reasons . . . .  My aim is to assume 
only those things of which I do not doubt they are real and consequently 
physical, where one must refer to the nature of the heavens, not the elements. 
When I dismiss the perfect eccentric and the epicycle, I do so because they 
are purely geometrical assumptions, for which a corresponding body in the 
heavens does not exist. The second reason for my calling my hypotheses phys
ical is this . . .  I prove that the irregularity of the motion [of planets] cor
responds to the nature of the planetary sphere; i.e., is physical.

This throws the burden on the nature of heavens, the nature of bodies. 
How, then, is one to recognize whether a postulate or conception is in 
accord with the nature of things?

This is the main question, and to it Kepler has at the same time two 
very different answers, emerging, as it were, from the two parts of his 
soul. We may phrase one of the two answers as follows: tAe ^Aydcuily 
real world, wAicA de/iner tAe nature o/ tAingr, ir tAe world o/ pAenom- 
ena ex/dainaAZe Ay raecAanical j&riacipler. This can be called Kepler's 
first criterion of reality, and assumes the possibility of formulating a 
sweeping and consistent dynamics which Kepler only sensed but which 
was not to be given until Newton's PRiNCiPiA. Kepler's other answer, to 
which he keeps returning again and again as he finds himself rebuffed 
by the deficiencies of his dynamics, and which we shall now examine in 
detail, is this: tAe ^Ayncally real world h tAe world o/ raalAgmatloally 
exprerred Aarnzoaiej wAicA man can dijcooer la tAe cAaor o/ euentr.

Kepler'j Second Crdcrzoa o/ Reality; TAe AfatAcazalical 
HarraoaiM o/ Nature

Kepler's failure to construct a PAyrica Coelectir did not damage his 
conception of the astronomical world. This would be strange indeed in
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a man of his stamp if he did not have a ready alternative to the mech
anistic point of view. Oniy rarely does he seem to have been really un
comfortable about the poor success of the latter, as when he is forced to 
speculate how a soul or an inherent intelligence would help to keep a 
planet on its path. Or again, when the period of rotation of the sun 
which Kepler had postulated in his physical model proved to be very 
different from the actual rotation as first observed through the motion 
of sunspots, Kepler was characteristically not unduly disturbed. The 
truth is that despite his protestations, Kepler was not as committed to 
mechanical explanations of celestial phenomena as was, say, Newton. He 
had another route open to him.

His other criterion, his second answer to the problem of physical 
reality, stemmed from the same source as his original interest in as
tronomy and his fascination with a universe describable in mathematical 
terms, namely from a frequently acknowledged metaphysics rooted in 
Plato and neo-Platonists such as Proclus Diadochus. It is the criterion 
of AarmonioMj regularity in t/;e deycriptine iawi a/ science. One must 
be careful not to dismiss it either as just a reappearance of an old doc
trine or as an aesthetic requirement which is still recognized in modem 
scientific work; Kepler's conception of what is "harmonious" was far 
more sweeping and important than either.

A concrete example is again afforded by the Second Law, the "Law 
of Equal Areas." To Tycho, Copernicus, and the great Greek astrono
mers, the harmonious regularity of planetary behavior was to be found 
in the uniform motion in component circles. But Kepler recognized the 
orbits—after a long struggle—as ellipsi on which planets move in a non- 
uniform manner. The figure is lopsided. The speed varies from point to 
point. And yet, nestled within this double complexity is hidden a har
monious regularity which transports its ecstatic discoverer—namely, the 
fact that a constant area is swept out in equal intervals by a line from 
the focus of the ellipse, where the sun is, to the planet on the ellipse. For 
Kepler, the law is harmonious in three separate senses.

First, if h in ncrcrd wifA g^grigncg. Whereas Kepler, despite long 
and hard labors, had been unable to fit Tycho's accurate observations on 
the motion of Mars into a classical scheme of superposed circles, the 
postulate of an elliptical path fitted the observations at once. Kepler's 
dictum was: "harmonies must accommodate experience."*" How diffi
cult it must have been for Kepler, a Pythagorean to the marrow of his
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bones, to forsake circles for eiiipsi! For a mature scientist to find in his 
own work the need for abandoning his cherished and ingrained pre
conceptions, the very basis of his previous scientific work, in order to 
fulfil! the dictates of quantitative experience—this was perhaps one of 
the great sacrificial acts of modem science, equivalent in recent scien
tific history to the agony of Max P!anck. Kepler clearly drew the 
strength for this act from the belief that it would help him to gain an 
even deeper insight into the harmony of the world.

The second reason for regarding the law as harmonious is its refer
ence to, or discovery of, a ccwfancy, although no longer a constancy 
simply of angular velocity but of areal velocity. The typical law of an
cient physical science had been Archimedes' law of the lever: a relation 
of direct observables in static configuration. Even the world systems of 
Copernicus and of Kepler's M Y S T E R IU M  C o s M O G R A P H ic u M  still had 
lent themselves to visualization in terms of a set of fixed concentric 
spheres. And we recall that Galileo never made use of Kepler's ellipsi, 
but remained to the end a true follower of Copernicus who had said 
"the mind shudders" at the supposition of noncircular nonuniform 
celestial motion, and "it would be unworthy to suppose such a thing in 
a Creation constituted in the best possible way."

With Kepler's First Law and the postulation of elliptical orbits, the 
old simplicity was destroyed. The Second and Third Laws established 
the physical law of constancy as an ordering principle in a changing 
situation. Like the concepts of momentum and caloric in later laws of 
constancy, areal velocity itself is a concept far removed from the im
mediate observables. It was therefore a bold step to search for harmon
ies beyond both perception and preconception.

Thirdly, the law is harmonious also in a grandiose sense: the fixed 
point of reference in the Law of Equal Areas, the "center" of planetary 
motion, is the center of the jun z'iigi/, whereas even in the Copemican 
scheme the sun was a little off the center of planetary orbits. With this 
discovery Kepler makes the planetary system at last truly heliocentric, 
and thereby satisfies his instinctive and sound demand for some material 
object as the "center" to which ultimately the physical effects that keep 
the system in orderly motion must be traced.

4̂ Ffg/zocezzlrzg and T/zgocgnlrzc C/nzzzgrjg

For Kepler, the last of these three points is particularly exciting. The
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sun at its Axed and commanding position at the center of the planetary 
system matches the picture which always rises behind Kepler's tables of 
tedious data—the picture of a centripetai universe, directed toward and 
guided by the itiw in its manifold roles: as the matAgmatical center in 
the description of celestial motions; as the central pAynca/ agency for 
assuring continued motion; and above all as the center,
the temple of the Deity. The three roles are in fact inseparable. For 
granting the special simplicity achieved in the description of planetary 
motions in the heliocentric system, as even Tycho was willing to grant, 
and assuming also that each planet must experience a force to drag it 
along its own constant and eternal orbit, as Kepler no less than the 
Scholastics thought to be the case, then it follows that the common 
need is supplied from what is common to all orbits; i.e., their common 
center, and this source of eternal constancy itself must be constant and 
eternal. Those, however, are precisely the unique attributes of the Deity.

Using his characteristic method of reasoning on the basis of arche
types, Kepler piles further consequences and analogies on this argument. 
The most famous is the comparison of the world-sphere with the Trin
ity: the sun, being at the center of the sphere and thereby antecedent to 
its two other attributes, surface and volume, is compared to God the 
Father. With variations the analogy occurs many times throughout 
Kepler's writings, including many of his letters. The image haunts him 
from the very beginning (e.g., Chapter 2, M y s T E R tU M  C o s M O G R A P H i-  

G U M ) and to the very end. Clearly, it is not sufficient to dismiss it with 
the usual phrase "sunworship."" At the very least, one would have to 
allow that the exuberant Kepler is a worshipper of the whole solar 
system in all its parts.

The power of the sun-image can be traced to the acknowledged in
fluence on Kepler by neo-Platonists such as Proclus (fifth century) and 
Witelo (thirteenth century). At the time it was current neo-Platonic 
doctrine to identify light with "the source of all existence" and to hold 
that "space and light are one."*" Indeed, one of the main preoccupations 
of the sixteenth-century neo-Platonists had been, to use a modem term, 
the transformation properties of space, light, and soul. Kepler's dis
covery of a truly heliocentric system is not only in perfect accord with 
the conception of the sun as a ruling entity, but allows him, for the first 
time, to focus attention on the sun's position through argument from 
physics.
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In the medieval period the "place" for God, both in Aristotelian and 
in neo-Platonic astronomical metaphysics, had commonly been either 
beyond the last celestial sphere or else all of space; for only those alter
natives provided for the Deity a "place" from which all celestial motions 
were equivalent. But Kepler can adopt a third possibility: in a truly 
heliocentric system God can be brought back into the solar system itself, 
so to speak, enthroned at the fixed and common reference object which 
coincides with the source of light and with the origin of the physical 
forces holding the system together. In the D E  R jB V O L U T iO N iB U S  Coper
nicus had glimpsed part of this image when he wrote, after describing 
the planetary arrangement:

In the midst of all, the sun reposes, unmoving. Who, indeed, in this most 
beautiful temple would place the light-giver in any other part than that whence 
it can illumine all other parts.

But Copernicus and Kepler were quite aware that the Copernican sun 
was not quite "in the midst of all"; hence Kepler's delight when, as one 
of his earliest discoveries, he found that orbital planes of all planets 
intersect at the sun.

The threefold implication of the heliocentric image as mathematical, 
physical, and metaphysical center helps to explain the spell it casts on 
Kepler. As Wolfgang Pauli has pointed out in a highly interesting dis
cussion of Kepler's work as a case study in "the origin and development 
of scientific concepts and theories," here lies the motivating clue: "It is 
because he sees the sun and planets against the background of this 
fundamental image [arr/:ê ypiicA(? B:M] that he believes in the helio
centric system with religious fervor"; it is this belief "which causes him 
to search for the true laws concerning the proportion in planetary mo
tion__

To make the point succinctly, we may say that in its final version 
^Ay^ic^ <?/ tAe AgangHr M AeAoceHfric m ifr Aiwemaizcy,

itr dynamics, where harmonies based in part on the prop
erties of the Deity serve to supplement physical laws based on the con
cept of specific quantitative forces. This brand of physics is most 
prominent in Kepler's last great work, the H A R M O N iC E  M u N D i  (1619). 
There the so-called Third Law of planetary motion is announced with
out any attempt to deduce it from mechanical principles, whereas in the 
A sT R O N O M iA  NovA magnetic forces had driven—no, obsessed—the
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planets. As in his earliest work, he shows that the phenomena of nature 
exhibit underlying mathematical harmonies. Having not quite found 
the mechanical gears of the world machine, he can at least give its equa
tions of motion.

JOHANNES KEPLER'S UNIVERSE

TAe ^ottrce o/ Kep/erb Harmonic

Unable to identify Kepler's work in astronomy with physical science 
in the modem sense, many have been tempted to place him on the other 
side of the imaginary dividing line between classical and modern sci
ence. Is it, after all, such a large step from the harmonies which the 
ancients found in circular motion and rational numbers to the harmon
ies which Kepler found in elliptical motions and exponential propor
tions? Is it not merely a generalization of an established point of view? 
Both answers are in the negative. For the ancients and for most of 
Kepler's contemporaries, the hand of the Deity was revealed in nature 
through laws which, if not qualitative, were harmonious in an essentially 
self-evident way; the axiomatic simplicity of circles and spheres and 
integers itself proved their deistic connection. But Kepler's harmonies 
reside in the very fact that the relations are gMardifatwe, not in some 
specific simple /orm of the quantitative relations.

/t b exactly tAb jAt/f wAtcA we caw now recognize oj one point o/ 
AreaAtAroagA toward tAe iater, modern conception o/ matAematicai iaw 
in science. Where in classical thought the quantitative actions of nature 
were limited by a few necessities, the new attitude, whatever its meta
physical motivation, opens the imagination to an infinity of possibilities. 
As a direct consequence, where in classical thought the quantitative re
sults of experience were used largely to fill out a specific pattern by a 
priori necessity, the new attitude permits the results of experience to re
veal in themselves whatever pattern nature has in fact chosen from the 
infinite set of possibilities. Thus the seed is planted for the general view 
of most modern scientists, who find the world harmonious in a vague 
aesthetic sense because the mind can find, inherent in the chaos of 
events, order framed in mathematical laws-—of whatever form they may 
be. As has been aptly said about Kepler's work:

Harmony resides no longer in numbers which can be gained from arithmetic 
without observation. Harmony is also no longer the property of the circle in 
higher measure than the ellipse. Harmony is present when a multitude of
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phenomena is regulated by the unity of a mathematical law which expresses 
acosmic idea.s"

Perhaps it was inevitable in the progress of modem science that the 
harmony of mathematical !aw should now be sought in aesthetics rather 
than in metaphysics. But Kepier himseif wouid have been the last to 
propose or accept such a generalization. The ground on which he postu
lated that harmonies reside in the quantitative properties of nature lies 
in the same metaphysics which heiped him over the failure of his physi
cal dynamics of the solar system. Indeed, the source is as old as natural 
philosophy itself: ?/:g aHoclahon of quantity pgr jg wdA Dgfty. More
over, as we can now show, Kepler held that man's ability to discover 
harmonies, and therefore reality, in the chaos of events is due to a direct 
connection between ultimate reality; namely, God, and the mind of 
man.

In an early letter, Kepler opens to our view this mainspring of his 
life's work:

May God make it come to pass that my delightful speculation [the Afyr- 
tcriuw Coswogrâ Afcuw] have everywhere among reasonable men fully the 
effect which I strove to obtain in the publication; namely, that the belief in 
the creation of the world be fortified through this external support, that 
thought of the creator be recognized in its nature, and that His inexhaustible 
wisdom shine forth daily more brightly. Then man will at last measure the 
power of his mind on the true scale, and will realize that God, wAo founded 
gocrytAwg :n tAc world according to tAg norm of quantity, abo Aaj endowed 
wan w:fA a wind wAicA can cowpreAend tAere norwi. For as the eye for 
color, the ear for musical sounds, so is the mind of man created for the per
ception not of any arbitrary entities, but rather of quantities; the mind com
prehends a thing the more correctly the closer the thing approaches toward 
pure quantity as its origin.^

On a superficial level, one may read this as another repetition of the 
old Platonic principle 3 <M yeMpETpeT and of course Kepler does be
lieve in "the creator, the true first cause of geometry, who, as Plato says, 
always geometrizes."^ Kepler is indeed a Platonist, and even one who is 
related at the same time to both neo-Platonic traditions—which one 
might perhaps better identify as the neo-Platonic and the neo-Pythag- 
orean—that of the mathematical physicists like Galileo and that of the 
mathematical mysticism of the Florentine Academy. But Kepler's God
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has done more than build the world on a mathematical model; he also 
specifically created man with a mind which "carries in it concepts built 
on the category of quantity," in ord<?r tAat man may directly commam- 
cate mitA tAo Deify;

Those laws [which govern the material world] lie within the power of un
derstanding of the human mind; God wanted us to perceive them when he 
created us in His image in order that we may take part in His own thoughts 
. . . .  Our knowledge [of numbers and quantities] is of the same kind as 
God's, at least insofar as we can understand something of it in this mortal 
life.""

The procedure by which one apprehends harmonies is described quite 
explicitly in Book 4, Chapter 1,  of H A R M O N iC E  M u N D i .  There are two 
kinds of harmonies; namely, those in sense phenomena, as in music, 
and in "pure" harmonies such as are "constructed of mathematical con
cepts." The feeling of harmony arises when there occurs a matching of 
the perceived order with the corresponding innate archetype [aroAe- 
fy/ms, UrAiid]. The archetype itself is part of the mind of God and was 
impressed on the human soul by the Deity when He created man in His 
image. The kinship with Plato's doctrine of ideal forms is clear. But 
whereas the latter, in the usual interpretation, are to be sought outside 
the human soul, Kepler's archetypes are within the soul. As he sum
marizes at the end of the discussion, the soul carries "not an image of 
the true pattern [paradigma], but the true pattern itself . . . .  Thus fi
nally the harmony itself becomes entirely soul, nay even God.""*

This, then, is the final justification of Kepler's search for mathemati
cal harmonies. The investigation of nature becomes an investigation 
into the thought of God, Whom we can apprehend through the lan
guage of mathematics. Afaaday imago Dei oorĵ orea, just as, on the 
other hand, aaimay eyf imago Dei :*Mcor̂ orea. In the end, Kepler's uni
fying principle for the world of phenomena is not merely the concept of 
mechanical forces, but God, expressing Himself in mathematical laws.

Kepier'y Tmo Deitiey

A final brief word may be in order concerning the psychological or
ientation of Kepler. Science, it must be remembered, was not Kepler's 
original destination. He was first a student of philosophy and theology 
at the University of Tubingen; only a few months before reaching the
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goal of church position, he suddenly—and reiuctantiy—found himself 
transferred by the University authorities to a teaching position in mathe
matics and astronomy at Graz. A year later, while already working on 
the M Y S T E R tU M  C o s M O G R A P H ic u M , Kepler wrote: "I wanted to be
come a theologian; for a long time I was restless: Now, however, ob
serve how through my effort God is being celebrated in astronomy."^ 
And more than a few times in his later writings he referred to astron
omers as priests of the Deity in the book of nature.

From his earliest writing to his last, Kepler maintained the direction 
and intensity of his religio-philosophical interest. His whole life was one 
of uncompromising piety; he was incessantly struggling to uphold his 
strong and often nonconformist convictions in religion as in science. 
Caught in the turmoil of the Counter-Reformation and the beginning of 
the Thirty Years' War, in the face of bitter difficulties and hardships, he 
never compromised on issues of belief. Expelled from communion in the 
Lutheran Church for his unyielding individualism in religious matters, 
expelled from home and position at Graz for refusing to embrace 
Roman Catholicism, he could truly be believed when he wrote, "I take 
religion seriously, I do not play with it,""" or "In all science there is 
nothing which could prevent me from holding an opinion, nothing 
which could deter me from acknowledging openly an opinion of mine, 
except solely the authority of the Holy Bible, which is being twisted 
badly by many.""?

But as his work shows us again and again, Kepler's soul bears a dual 
image on this subject too. For next to the Lutheran God, revealed to him 
directly in the words of the Bible, there stands the Pythagorean God, 
embodied in the immediacy of observable nature and in the mathemati
cal harmonies of the solar system whose design Kepler himself had 
traced—a God "whom in the contemplation of the universe I can grasp, 
as it were, with my very hands."^

The expression is wonderfully apt: so intense was Kepler's vision that 
the abstract and concrete merged. Here we find the key to the enigma 
of Kepler, the explanation for the apparent complexity and disorder in 
his writings and commitments. In one brilliant image, Kepler saw the 
three basic themes or cosmological models superposed: tAe M w z o e r y g  as 
pAyyfca? macAinê  f Ae nnfoerye ay matAematzca? Aarmony, and tAe Mni- 
oeryg ay centra? tAeotogicaf order. And this was the setting in which 
harmonies were interchangeable with forces, in which a theocentric

ON THE THEMATIC ANALYSIS OF SCIENCE

70



conception of the universe !ed to specific results of crucial importance 
for the rise of modern physics.

JOHANNES KEPLER'S UNIVERSE

NOTES

1. B o o k s  4  a n d  5 o f  th e  E prroM E  OF C oPE R N icA N  ASTRONOMY, a n d  B o o k  

5  o f  th e  HARMONIES OF THE WORLD, in  GREAT BOOKS OF THE W ESTERN

WORLD (Chicago: Encyclopedia Britannica, 1952), Volume 16.
2. The definitive biography is by the great Kepler scholar Max Caspar, 

JOHANNES KEPLER, Stuttgart: W. Kohlhammer, 1950; the English trans
lation is KEPLER, trans. and ed. C. Doris Heilman, New York: Abelard- 
Schuman, 1959. Some useful short essays are in JOHANN KEPLER, 1571-1630 
(A series of papers prepared under the auspices of the History of Science 
Society in collaboration with the American Association for the Advance
ment of Science), Baltimore: Williams & Wilkins Co., 1931. [Since this 
article was written, a number of useful publications on Kepler have appeared 
—G.H.]

3. But Newton's O p n c K S ,  particularly in the later portions, is rather 
reminiscent of Kepler's style. In Book II, Part IV, Observation 5, there is, 
for example, an attempt to associate the parts of the light spectrum with the 
"differences of the lengths of a monochord which sounds the tones in an 
eight."

4 . Letter to David Fabricius, October 11, 1605.

5. Letter to Herwart von Hohenburg, March 26, 1598, i.e., seven years be
fore Stevinus implied the absurdity of perpetual motion in the HYPOMNEMATA 
MATHEMATicA (Leyden, 1605). Some of Kepler's most important letters are 
collected in Max Caspar and Walther von Dyck, JOHANNES KEPLER IN 

SEiNEN BRiEFEN, Munich and Berlin: R. Oldenbourg, 1930. A more com
plete collection in the original languages is to be found in Vols. 13-1'5 of 
the modem edition of Kepler's collected works, JOHANNES KEPLERS GESAM- 

MELTE W ERKE, ed. von Dyck and Caspar, Munich: C. H. Beck, 1937 and 
later. In the past, these letters appear to have received insufficient at
tention in the study of Kepler's work and position. (The present English 
translations of all quotations from them are the writer's.) Excerpts from some 
letters were also translated in Carola Baumgardt, JOHANNES KEPLER, New 
York: Philosophical Library, 1951.

6. Ernst Goldbeck, yHAattdfttttgett zur ttttd tArer GetcAicAfc,
KEPLERS LEHRE VON DER GRAVITATION (Halle: MaxNiemeyer, 1896), Volume 
VI—a useful monograph demonstrating Kepler's role as a herald of mechanical 
astronomy. The reference is to D E  REVO LUTiONiBus, first edition, p. 3. (The
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main point, which it would be foolhardy to challenge, is that in the description 
of phenomena Copernicus still on occasion treated the earth differently from 
other planets.]

7. In Kepler's Preface to his DiOPTRiCE (1611) he calls his early M A sTER- 

tUM CosM O G RAPH icuM  "a sort of combination of astronomy and Euclid's 
Geometry," and describes the main features as follows: "I took the dimen
sions of the planetary orbits according to the astronomy of Copernicus, who 
makes the sun immobile in the center, and the earth movable both round 
the sun and upon its own axis; and I showed that the differences of their 
orbits corresponded to the five regular Pythagorean figures, which had been 
already distributed by their author among the elements of the world, though 
the attempt was admirable rather than happy or legitimate . . . The scheme 
of the five circumscribed regular bodies originally represented to Kepler the 
caure of the observed number (and orbits) of the planets: "Habes rationem 
uumer: planetarium."

8. Johannes Kepler, D iE  ZusAM M ENK LANGE DER W ELTEN, Otto J. Bryk, 
trans. and ed. (Jena: Diederichs, 1918), p. xxiii.

9. Letter to Herwart von Hohenburg, February 10, 1605. At about the same 
time he writes in a similar vein to Christian Severin Longomontanus concern
ing the relation of astronomy and physics: "I believe that both sciences are 
so closely interlinked that the one cannot attain completion without the other."

10. Previously, Kepler discussed the attraction of the moon in a letter to 
Herwart, January 2, 1607. The relative motion of two isolated objects and 
the concept of inertia are treated in a letter to D. Fabricius, October 11, 1605. 
On the last subject see Alexandre Koyre, Galileo and tPe ^cleutljic Resolu
tion o/ iAe ^esenleenll: Century, T H E  P H tL o so p m cA L  REVIEW, 52, N o .  4: 
344-345, 1943.

11. Not only the postulates but also some of the details of their use in the 
argument were erroneous. For a short discussion of this concrete illustration 
of Kepler's use of physics in astronomy, see John L. E. Dreyer, IhsTO R Y  OF 

THE PLANETARY SYSTEM FROM THALES TO KEPLER (New York: Dover Pub
lications, 1953), second edition, pp. 387-399. A longer discussion is in Max 
Caspar, JOHANNES KEPLER, NEUE AsTRONOMiE (Munich and Berlin: R. 
Oldenbourg, 1929), pp. 3*-66*.

12. Giorgio de Santillana, ed., DIALOGUE ON THE GREAT WORLD SYSTEMS 

(Chicago: University of Chicago Press, 1953), p. 469. However, an oblique 
compliment to Kepler's Third Law may be intended in a passage on p. 286.

13. Florian Cajori, ed., NEWTON's PRiNCipiA: M oTTE's TRANSLATION RE

VISED (Berkeley: University of California Press, 1946), pp. 394-395. In
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Book III, Newton remarks concerning the fact that the Third Law applies 
to the moons of Jupiter: "This we know from astronomical observations." At 
last, on page 404, Kepler is credited with having "first observed" that the 
3/2th power law applies to the "five primary planets" and the earth. Newton's 
real debt to Kepler was best summarized in his own letter to Halley, July 
14 , 1 6 8 6 :  "But for the duplicate proportion [the inverse-square law of gravi
tation] I can affirm that I gathered it from Kepler's theorem about twenty 
years ago."

14. Letter to Johann Brengger, October 4, 1607. This picture of a man 
struggling to emerge from the largely Aristotelian tradition is perhaps as sig
nificant as the usual one of Kepler as Copemican in a Ptolemaic world. Nor 
was Kepler's opposition, strictly speaking, Ptolemaic any longer. For this we 
have Kepler's own opinion (H A R M O N icE  M u N D i ,  Book 3) : "First of all, read
ers should take it for granted that among astronomers it is nowadays agreed 
that all planets circulate around the sun . . . ," meaning of course the system 
not of Copernicus but of Tycho Brahe, in which the earth was fixed and the 
moving sun served as center of motion for the other planets.

15. Cajori, op. eft., p. xviii.
1'6. Quoted in Kepler, WELTHARMONiK, ed. Max Caspar (Munich a n d  

Berlin: R. Oldenbourg, 1939), p. 55*.

17. E.g., Edwin Arthur Burtt, T H E  METAPHYSICAL FOUNDATIONS OF MOD

ERN SCIENCE (London: Routledge & Kegan Paul, 1924 and 1932), p. 47 ff.

18. For a useful analysis of neo-Platonic doctrine, which regrettably omits 
a detailed study o f  Kepler, see Max Jammer, C O N C E PT S OF SPACE (Cam
bridge: Harvard University Press, 1954), p. 37 f f .  Neo-Platonism in relation 
to Kepler is discussed by Thomas S. Kuhn, T H E  C op E R N iC A N  REVO LUTIO N , 

Cambridge: Harvard University Press, 1957.

19. Wolfgang Pauli, Der Fin/luM arcAefypMcAer UoMfei/imgen a:// die
A'idiing nafMrtoitteme/m/th'cAer TPeorien &ei Kepler, in NATURERKLARUNG  

UND PsY C H E  (Zurich: RascherVerlag, 1952), p . 129.
An English translation of Jung and Pauli is T H E  INTERPRETATION OF NATURE  

AND THE PsY C H E , trans. R. F. C. Hull and Priscilla Silz, New York: Pantheon 
Books, 1955.

20. Hedwig Zaiser, KEPLER ALS PHILOSOPH (Stuttgart: E. Suhrkamp, 
1932), p. 47.

21. Letter to Mastlin, April 19, 1597. (Italics supplied.) The "numerologi- 
cal" component of modem physical theory is in fact a respectable offspring 
from this respectable antecedent. For example, see Niels Bohr, ATOMIC 
THEORY AND THE DESCRIPTION OF NATURE (New York: Macmillan Co.,
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1934), pp. 103-104: "This interpretation of the atomic number [as the 
number of orbital electrons] may be said to signify an important step toward 
the solution of one of the boldest dreams of natural science, namely, to build 
up an understanding of the regularities of nature upon the consideration of 
pure number."

22. HARMONtcE MuNDi, Book 3.

23. Letter to Herwart, April 9/10, 1599. Galileo later expressed the same 
principle: "That the Pythagoreans had the science of numbers in high es
teem, and that Plato himself admired human understanding and thought 
that it partook of divinity, in that it understood the nature of numbers, I 
know very well, nor should I be far from being of the same opinion." de 
Santillana, op. cif., p. 14. Descartes's remark, "You can substitute the mathe
matical order of nature for 'God' whenever I use the latter term" stems from 
the same source.

24. For a discussion of Kepler's mathematical epistemology and its rela
tion to neo-Platonism, see Max Steck, tlher dot Weton dot MatAematMc/ten 
und die wtaf/mwiatLic/ig Er^ennfnir he: Kepler, Dm GESTALT (Halle: Max Nie- 
meyer, 1941), Volume V. The useful material is partly buried under national
istic oratory. Another interesting source is Andreas Speiser, M A T H E M A n scH E  

DENK W EISE, Basel: Birkhauser, 1945.
25. Letter to Mastlin, October 3, 1595.
26. Letter to Herwart, December 16, 1598.
27. Letter to Herwart, March 28, 1605. If one wonders how Kepler re

solved the topical conflict concerning the authority of the scriptures pewnr 
the authority of scientific results, the same letter contains the answer: "I 
hold that we must look into the intentions of the men who were inspired by 
the Divine Spirit. Except in the first chapter of Genesis concerning the super
natural origin of all things, they never intended to inform men concerning 
natural things." This view, later associated with Galileo, is further developed 
in Kepler's eloquent introduction to the AsTRONOMiA NovA. The relevant 
excerpts were first translated by Thomas Salusbury, MATHEMATICAL COLLEC

TIONS (London: 1661), Part I, pp. 461-467.
28. Letter to Baron Strahlendorf, October 23, 1613.
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3 THEMATIC AND STYLISTIC
INTERDEPENDENCE

7

HMKn! T is commonty acknowledged that a proposal of Plato set the 
style for one of the main traditions of classic scientific thought. 

As Blake, Ducasse, and Madden phrase the account of their book, 
T H E O R I E S  O F  S C IE N T IF IC  M E T H O D , Plato "set his pupils in the Academy 
the task of working out a system of geometrical hypotheses which, by 
substituting uniform and circular movements for the apparently irregu
lar movements of the heavenly bodies [that is, the planets, particularly 
during retrograde motion], would make it possible to explain the latter 
in terms of the former—in his own famous phrase, to 'save the phe
nomena.' "i Simplicius writes in his Commentary on Aristotle's DE 
C A E L o :  "For Plato, Sosigenes says, set this problem for students of as
tronomy: 'By the assumption of what uniform and ordered motions 
can the apparent motions of the planets be accounted for?' " This fa
mous problem kept natural philosophers agitated for 2,000 years and 
was immensely influential in shaping science as we know it.
To this day, it still strikes us as a sound scientific question, and we are 

not surprised to hear that one of Plato's disciples produced a very cred
itable solution by proposing a geocentric system of homocentric spheres. 
Plato starts from puzzling observations—particularly the apparent halt-
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ing and brief backward excursion which the paths of those wanderers, 
the pianets, show at regular intervals during their otherwise predomi
nant^ forward, night-by-night progress against the background of the 
fixed stars. We still ask a similar type of question when a comet or as
teroid is discovered, or when an artificial satellite suddenly is launched 
into our skies: what are the elements of a mathematical analogue (or 
equation) representing its motion? We no longer have to solve such a 
kinematic problem by the very tedious geometric methods—it can be 
translated into an equivalent language by which an electronic computer 
can give us a quick answer when presented with data derived from ob
servation. But, qualitatively, the computer adds nothing new. In fact, 
the superposition of circular motions now has its exact mathematical 
equivalent in the treatment of periodic motions through the sum of a 
series of terms of a trigonometric function.

Moreover, the Platonic problem appears to be concerned with three 
elements that modern science still deals with: First, the "facts" of ob
servation (here, the observed motion of the planets) impress themselves 
on our senses. Next, we find here a puzzling mixture of complexity and 
order which triggers the curiosity (we see not one planet but many, 
not a simple forward motion but an apparent retrogression, with a reg
ular but unique pattern for each planet). And finally, we resolve the 
apparent puzzle by the imaginative construction of an analogon. The 
analogon can be either mathematical or physical; it is successful if it 
correlates convincingly the puzzling element in the observation with the 
consequences, perhaps unexpectedly but logically sound consequences, 
of the postulated structure of the analogon. In Plato's case, the analogon 
which he specifically invites is that of uniform motion along circular 
paths in an interrelated kinematical system. This analogon is put for
ward—hypothesized.

But the most significant element in moving from problem to solution 
in Platonic science is one that has not yet been mentioned—
There are many constraints which have been placed from the very be
ginning on the possible solution in an almost imperceptible manner; 
constraints on the "facts," on the hypothesis, and the correspondence 
between analogon and facts by which we are relieved of the feeling of 
puzzlement, by which we "understand."

For of all the possible facts of observation, we are invited to look just 
at celestial ones; and of all those, at the planets. Of the facts of observa
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tion concerning planets, only one kind is selected and not, for example, 
their different colors or their changing brightness, both of which strike 
the eye much more quickly than their motion with respect to the fixed 
stars, certainly more quickly than any element of order within the "dis- 
orderliness" of retrogression. Of all the possible analogons (for example, 
animistic, or physically mechanical), we are given here a geometrical 
one; of all geometrical-kinematic ones, only uniform motion and only 
on circular paths. Of all the correspondence by which we "understand" 
the behavior of the planets, we must choose only the correlation of their 
point-by-point location in the sky with the progress of imaginary points 
in the geometrical system, and not, for example, a mere catalogue of 
positions, such as the Babylonians used to "understand" and predict 
celestial phenomena.

The issue now raises itself forcibly: what are the criteria which guide 
us in these preselections of facts, hypotheses, and explanatory methods? 
On the answer to this question, far more than on the "facts of nature" 
themselves, depends what kind of science we shall have, whether such 
a science itself is possible, and what this science can teach us. It is, there
fore, one of the basic questions of any science or philosophy of science.

This is the point where the style of thought of the time enters our dis
cussion. For I need only remind you of the main outlines of Plato's posi
tion which explain his criteria of preselection and consequently explain 
the style of Platonic science itself. In the LAWS, Book XII, the Athenian 
speaks to Clinias and Megillus:

May we say, then, that we know of two motives—those we have already re
hearsed—of credibility in divinity? . . . One of them is our theory of the soul, 
our doctrine that it is more ancient and more divine than anything that draws 
perennial being from a motion that once had a beginning; the other our doc
trine of the orderliness in the motion in the movements of the planets and 
other bodies swayed by the mind that has set this whole frame of things in 
comely array. No man who has once turned a careful and practiced gaze on 
this spectacle has ever been so ungodly at heart that its effect has not been the 
very reverse of that currently expected. 'Tis the common belief that men who 
busy themselves with such themes are made infidels by their astronomy and its 
sister sciences, with their disclosure of a realm where events happen by stringent 
necessity, not by the purpose of a will bent on the achievement of good. . . . 
The situation has been precisely reversed since the days when observers of these 
bodies conceived them to be without souls. Even then, they awakened wonder, 
and aroused in the breast of close students the suspicion, which has now been
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converted into accepted doctrine, that were they without souls, and by conse
quence without inteliigence, they would never have conformed to such precise 
computation. 2

Therefore, anyone aspiring to be "a sufficient magistrate of the whole 
community," Piato continues, must "possess the requisite preliminary 
sciences . . . and apply his knowledge meetly to his moral and legal be
havior." The proper study of man, of which the "preliminary sciences" 
are only a stage, is, of course, ultimately the soul. And astronomy is used 
as an illustration again and again in Plato's work to make this points

Astronomy, we see, is not pursued properly if one studies only the 
minute precession of the equinox, or corrections of the calendar or other 
measurable detail—problems that only later come to be highly regarded. 
Rather, a man must "pursue his studies aright with his mind's eye fixed 
on their single end." [EpiNOMis, 99 le.] As the Athenian had said earlier 
[LAWS 7: 82 Id]: " . . .  the reason why I am now insisting that our citi
zens and their young people must learn enough of all the facts about 
the divinities of the sky is to prevent blasphemy of them [such as the 
charge that they wander around, when in fact they can be shown to have 
regular motions; 822a], and to ensure a reverent piety in the language 
of all our sacrifices and prayers."

Astronomy is thus an adjunct to moral philosophy. And now we have 
no difficulty in reconstructing and understanding the criteria of prese
lection in Plato's astronomical problems. They are those criteria which 
assure that the subject matter and persuasiveness of this science shall 
contribute to moral education. To let scientists look for their own sub
ject of study and fashion their own criteria for selecting facts, hypo
theses, and explanatory method would be as absurd as giving the name 
"true musicians" [R E P U B L IC  3: 402] to those who would invent their 
own instruments, and play on them any disharmonious tune or rhythm 
that pleases them, and who in general have not studied "the forms of 
soberness, courage, liberality, and high-mindedness."

Indeed, it is so easy to show how the moralistic setting surrounding 
Platonic science determined the science of its time that we sometimes 
assign it to students as an exercise, and as an exemplary warning that 
metaphysical presuppositions have had a powerful hold upon the sci
ences of the ancients.
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Is the situation today entirety different? I do not believe it is, or could 
be. Although the scene, both in science and outside, has changed greatly 
since the classic Greek period, we have never had—and could not have 
imagined—a science separated from external involvements, and existing 
truly "for its own sake." The criteria of preselection change, the basic 
concerns shift, but the existence of a stylistic relationship among the dif
ferent works of a given period remains constant.

An example will be helpful here. It is commonplace that the predilec
tion for seeing problems in terms of a harmoniously ordered world was 
still characteristic even of the very language of scientific imagination in 
the classic period of the seventeenth and eighteenth centuries. How far 
we have come in science more recently—and not only in science—from 
that position is perhaps expressed most directly and simply in a passage 
that seems as strange now as it was congenial in 1681 when Thomas 
Burnet published T H E  SACRED T H E O R Y  OF T H E  E A R T H ; speaking of the 
annoying disorderliness of the distribution of the stars, he said:

They lie carelesly scatter'd, as if they had been sown in the Heaven, like Seed, 
by handfuls; and not by a skilful hand neither. What a beautiful Hemisphere 
they would have made, if they had been plac'd in rank and order, if they had 
been all dispos'd into regular figures, and the little ones set with due regard to 
the greater. Then all finisht and made up into one fair piece or great Com
position, according to the rules of Art and Symmetry.

We have not, of course, lost the concepts of hierarchy, continuity, and 
order in contemporary work. They stay in science, but mainly as in
herited elements. They are not the new themes that correspond to the 
characteristic style of our own age—of which one of the most powerful 
and significant is the antithetical thema of disintegration, violence, and 
derangement.

Thus in the language of physics alone we find the rise in the last six 
decades of terms such as radioactive decay, or decay of particles; dis
placement law; fission; spallation* nuclear disintegration; discontinuity 
(as in energy levels of atoms); dislocation (in crystals); indeterminacy, 
uncertainty; probabilistic (rather than classically deterministic) causal
ity; time reversal; strangeness quantum number; negative states (of 
energy, of temperature); forbidden lines and transitions; particle an
nihilation. I once wrote that it is not too farfetched to imagine that some
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physicist wiii propose to name a new particle the "schizoid particie"— 
and shortiy thereafter I discovered that the term "schizon" was being 
introduced into the technical literature of particle physics.

It is as if after a successful search for simplicities and harmonies in 
science over the last three centuries, the search has turned to a more 
direct confrontation of complexity and derangement, of sophisticated 
and astonishing relationships among strangely juxtaposed parts. And 
if one is interested in the parallels between style in science and style 
outside science, it is not surprising to discover that this theme in the 
physical sciences has its counterpart in modem themes outside science, 
for example in the analogous preoccupation with the theme of apparent 
derangement in contemporary art.

To select one example among many, consider the work by the French 
artist M. Arman, who has called some of his work cofgrgj or coM/M. 
In the words of Peter Jones, a critic who made a study of his work/ the 
aim of the colcrg is to "hold fast on a surface one infant, the explosive 
instant in which objects are violently disintegrated into a mass of pieces 
—action sculpture in the highly recalcitrant (and thus challenging) 
medium of objects that break the way the artist wants only with much 
flair and practice on his part. . . . Arman is fascinated by . . . the coordi
nated mastery of all the factors involved, brought to bear at one decisive 
point of space and time." In describing the work yHJggro Funew (see 
Figure 1), Jones gives this description:

The eofgrg looks spontaneous, but its construction was deliberate all through. 
Here is what Arman did. Having laid the black panel that serves as a base flat 
on the door (and having built up temporary planks on the sides) he began by 
smashing a cello. This came first because it was to be the determining factor 
of the composition. Arman broke it diagonally, to divide his surface in two. 
Then he took the viola, an old and dry hand-made instrument which he knew 
would spread itself broadly on impact (while a newer one would have broken 
more compactly): he broke the viola to left of centre in order to leave a "V" 
in the middle of the panel. Next he broke the two violins in such a way as to 
have them going in the same direction as the viola. In order not to have them 
too widely dispersed he did not swing them through the air and smash them 
on the board as he had done with the other instruments, but held them by the 
neck and scroll, stamped on them with his foot, and dropped the necks nearby. 
Thus he achieved a compact mass on the left side. Finally, to counterbalance 
fully the mass of the cello, he threw down the bows on the leftA
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Figure 1 Arman, Colere quatuor a cordes AHrgro /Hr:o.so, 1962.
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The work of Arman and that of his colleagues in action painting and 
action sculpture may or may not turn out to be good art. But despite 
our initial impulse to object, I believe we must take the intention seri
ously. It is through dismemberment of materials that one may hope—as 
one method among many others—to discover certain clues to the orig
inal, simple symmetry that is hidden in the wholeness of the object. 
Vesalius knew this, of course. And I might point out that a physicist 
interested in the orderly structure of nuclei or subnuclear particles often 
has to induce that structure and symmetry by means of an Arman-like 
process: he prepares the nucleus by first stripping away the atom's outer 
electrons that shield it, and then lets the nucleus, at the end of a violent 
journey through a particle accelerator, bombard a target. There, if the 
energy is high enough, the projectile nucleus and perhaps also the target 
will disintegrate, and the fragments will go off with momentum, energy, 
and spins that are full of fascination and meaning to those who can 
achieve a "coordinated mastery of all the factors involved." Meanwhile, 
to the uninitiated, it all looks merely like a ridiculous or dangerous de
struction.

If this analogy is valid, it may be that the current attention to the 
thema of derangement in science as well as in art is at bottom an indi
cation of the return of its antitheme of order in a new, more sophisti
cated guise. The simple harmonies, the simple symmetries, have been 
found out. How much more satisfying it will be if we can discern har
monies and simplicities directly, through a more highly trained vision, 
in complex, apparently broken, and deranged configurations! It may be 
that we are beginning to train new sensibilities which will set a new style.

In the meantime, the careful attention to disorderliness has yielded 
surprising new simplicities. For it is a very telling fact that the "care- 
lesly scatter'd" appearance of the stars, which seemed so disorderly and 
irregular in the seventeenth century, has since then slowly provided 
data for an entirely different view of the earth, the sun, the solar system, 
and indeed our whole universe. First, it turned out that we are situated 
in one of the outer arms of a huge lens-shaped gathering of stars, many 
of which seem themselves to be the centers of their own solar-system-like 
planetary distributions; therefore, looking from our earth into different 
directions we see quite different densities—large numbers of stars when 
we look toward the center of the galaxy and beyond, few stars at right 
angles. The hand that scattered these stars was indeed skillful; but to
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recognize this we first had to get used to the idea that that hand did not 
aiso put Mi at the center of things, and that it did not place a higher 
value on simple lattice arrangements than on stochastic arrangements. 
And, secondly, looking beyond the stars to the nebulae, we again find 
them to be placed essentially at random as far as the telescopic eye can 
see. So, after all, we seem to be in a more or less isotropic and homogene
ous, that is, in a most simple and symmetric, world. Or at least the style 
of thought of our time has made it easier to entertain the new model, 
one so greatly at variance with that of earlier centuries.

77/

Let us turn briefly to another conception that has experienced a cycle 
of changing acceptability: atomism. This thema also has been important 
in scientific thought from the first—indeed, from the atomism of Pythag
orean number physics—and usually it found itself co-existing with and 
arrayed against the equally ancient thema of the continuum. (As with 
order and disorder themata and other examples, it is pairing of oppos
ing or complementary theme and antitheme.) In the early part of the 
nineteenth century, with Dalton, atomism ceased to be regarded as a 
"mere" philosophical position and began to go to the forefront of the 
stage. But there were continuing attacks, for example by Humphry Davy. 
And even when in the early part of the twentieth century the atomistic 
hypothesis was discussed as if it had become merely a phenomenic one 
(namely, borne out of experimental evidence), it was still not acceptable 
to all opponents, just as in Newton's day it was still possible to oppose 
Copernicanism.

Eventually, the basic hypotheses, such as heliocentricity and atomism, 
were accepted into science because they were regarded as phenomenic 
ones. But is this correct? The answer is no. They remain thematic propo
sitions, and so not directly coupled to the phenomena." A simple ex
ample will suffice to prove it. The atom which Wilhelm Ostwald ac
cepted in 1909—one of the last to do so—was an atom zee would now 
reject as incapable of explaining radioactivity, x-rays, spectra, valence, 
and so forth, not to mention the new discoveries made since that time, 
such as isotopism and space quantization. What Ostwald and others 
thought they were accepting was the "experimental fact" of atoms. 
What they really were accepting, however, was the thematic hypothesis 
of atomism. It is this hypothesis, of course, which has survived the recent
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advances, the new data, whereas the experimental atom of 1909 has long 
been proved to be "wrong."

Similarly, what Ernst Mach was attacking when he objected to the 
notion of atoms, saying they were not congruous with sensations, was not 
the phenomic hypothesis of the atom as an explanatory device to deal 
with, say, observed scintillations. Rather, he was attacking the concep
tion of fundamental submicroscopic discreteness as against continuity.

The twentieth-century victory of discreteness was really the climax of 
a whole century of preparation for this new style of thinking in all 
branches of science. We see here rather beautifully a family of related 
developments—the theme of discreteness expressing itself in physics, 
biology, and chemistry. For between 1808 and 1905, physics, biology, 
and chemistry saw the introduction of remarkably similar conceptions. 
In each of these fields it was found fruitful to assume the existence of 
fundamental, discrete entities. Thus Dalton (1808) proposed that mat
ter consists of atoms which maintain their integrity in all chemical re
actions. In biology, Schleiden for plants (1838) and Schwann for ani
mals (1839) proposed the theory of cells, by the various combinations 
of which living tissues were assumed to be built. Mendel's work (1865) 
led to the idea that the material governing heredity contains a structure 
of definite entities, or genes, which may be transmitted from one gen
eration to the next without change.

Meanwhile, heat, electricity, and light, which were the parts of phys
ics that the eighteenth century had visualized largely in terms of the 
actions of imponderable fluids, were being rephrased in a similar man
ner. In Joule's kinetic theory (1847), sensible heat was identified with 
the motions of discrete atoms and molecules. The electron, a particle 
carrying the smallest unit of negative charge, was discovered (1897). 
Finally, the energy of the sources of radiation and then of radiation itself 
was found to be quantized (1900 and 1905). It was as if these new 
views in the sciences stemmed from a similarly directed change in the 
mental models used to comprehend phenomena—a change in style 
where the guiding idea is no longer a continuum, but a particle, a dis
crete quantum/

7T

The discussion of thematic analysis and antinomies comes to the 
point, then, where one can consider a pair of themes which are centra!
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to the question of the relationship of persona! style and scientific achieve
ment. I am referring to the methodological themes of projection (or 
extemalization) on the one hand, and retrojection (or internalization) 
on the other.

We are led into them by noting a step basic to all scientific work, but 
rarely discussed: it is the process of removing the discourse from the 
personal level—the level on which the problem originally becomes of 
interest to the particular person who works on it, the level on which 
aesthetic and "private," sometimes not even easily communicable con
siderations may be important—to a second level, that of public science, 
where the discourse is more unambiguously understandable, being pre
dominantly about phenomena and analytical schemes. [The differences 
between "private" and "public" science, or 5*, vs. <$2, are further dealt 
with in Chapter 10.] This is a process which every scientist unquestionably 
accepts, a process that may be termed extemalization or projection. 
The working scientist must be able to shift the conceptual framework 
from the private to the public level, where it can be shared generally 
by retrojection into disparate systems of individual scientists all over the 
world. The aim of the process is to arrive at statements that are invari
ant with respect to the individual observer—that is, insofar as possible, 
the same for each particular, purely personal framework into which it 
ultimately may be channeled. There is an analogy here with the method 
by which relativity physics selects statements and laws that are invariant 
with respect to transformation and are therefore generally applicable.

What is interesting is that on certain occasions, during the trans
formation of conceptions from the personal to the public realm, the 
scientist, perhaps unknowingly, smuggles the style, motivation, and 
commitment of his individual system and that of his society into his 
supposedly neutral, value-indifferent luggage. And it is at this point 
that the concept of projection will help us to understand how the style 
of contemporary personal and social thought introduces itself into scien
tific work.

Of the two main examples I wish now to investigate, the first refers 
to what is usually-—and rather loosely—called anthropomorphic think
ing in science. On this aspect of the mechanism of projection, a useful 
source is the work of Ernst Topitsch. - At the outset he notes that while 
the variety and number of conceptions by which attempts have been 
made to understand our environment and ourselves are enormous, the
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thought models that have played a major role fall into a quite limited 
number of categories. He reminds us that in the study of the psychology 
of development, Jean Piaget, among others, has stressed that the child 
conceives of the world as existing in analogical relation to his wishes 
and actions, his social connections and his handling of experience in 
general. In this sense phylogenetic and ontogenetic findings coincide; 
for until fairly recent times the scientist, too, has conceived of what is 
remote, unknown, or difficult to understand in terms of what is near, 
well-known, and self-evident in everyday terms. Social and artistic 
processes and productions have often served as explanations by analogy 
for the universe as a system—in short, by projecting outward into the 
universe conceptual images from the domain of social and productive 
action.

While it has by no means been widely recognized that this is an es
sential activity in the sciences, the same point has at least been noted 
in the social studies. Talcott Parsons, for example, has written:

It is curious—and would merit investigation in terms of the sociology and 
psychology of knowledge—that the priority given to knowledge of the physical 
world in the development of modern philosophy reverses the priorities applying 
to the development of the human individual's knowledge of his own environ
ment and, it seems, the formation of empirical knowledge in early cultural 
evolution. Since Freud, it has been known that the child's first structured 
orientation to his world occurs in the field of his rcciai relationships. The 
"objects" involved in Freud's fundamental concept of object relations are 
"social" objects: persons in roles, particularly parents, and the collectivities 
of which they are parts and into which the child is socialized. This orientation 
includes an empirical cognitive component which is the foundation on which a 
child builds his later capacity for the scientific understanding of the empirical 
world. What is often interpreted as the child's "magical" thinking about the 
physical world probably evidences a lack of capacity to differentiate between 
physical and social objects.

Similar things appear true of cultural evolution more generally, though . . . 
the parallels are far from exact. Perhaps the best single reference on the prob
lems is the article Primitive CfaMf̂ cation (1903) by Durkheim and Mauss . . . .  
This emphasizes, with special but not exclusive reference to the Australian 
aborigines, the priority of the social aspect of primitive categorization of the 
world, notable in the conception of spatial relations in terms of the arrange
ment of social units in the camp.s

Turning to the sciences more narrowly defined, it is not difficult to
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see that the hierarchical universe of Aristotle or of the medieval school- 
men was also abstracted from, a rejection of, the hierarchical class 
organization of society in which these thinkers lived. This still happens, 
of course, in our day: the chemist, the physicist, or the astronomer looks 
out and beholds a new world, one fitting to his time. For example, it is 
now a profoundly egalitarian rather than hierarchical universe, so much 
so that a whole theory of relativity (Milne's) has been built around the 
so-called cosmological principle, the principle that any observer any
where in the universe interprets data in exactly the same way as any 
other observer elsewhere, making equivalent correlations between data 
and instants at which data are taken. It is a restless world, in which the 
parts are coupled by a complementaristic mutual engagement which is 
never a unidirectional action but always an interaction. It is, as it were, 
a class-unbounded world in which many old questions are meaning
less but none is impious, and in which each of the few laws is presumed 
to have the widest possible scope.

Not only are certain conceptual images projected outward into the 
cosmos, but there is, as Topitsch stresses, also a projection a process 
by which the cosmos itself, in its anthropomorphic interpretation, may 
be rgfrojecfetf into its original context, that of human action. He ex
plains :

The terrestrial state and terrestrial law must be assimilated to, or modeled 
upon, the cosmic state and law; the human ruler is the image, the son or 
deputy of the divine ruler of the world. Places of worship and cities are built 
according to the model of the supposed "world edifice" or "heavenly city," 
and music should be an echo of "the harmony of the spheres."

Such conceptions were developed in the major cultures of the ancient East 
to become a mythology of great power and influence; in the Hellenistic age 
they fused with Greek thought; and they had their repercussions in Europe far 
on into the New Era. The conception of the ecclesiastical edifice as an image 
of the "Heavenly Jerusalem" or even of the cosmos was still familiar to the 
architects of the Gothic period and the Renaissance, so that an unbroken tradi
tion leads from the Solar Kingdom of Egypt to that of Louis XIV. Moreover, 
astrology (which for thousands of years, far from being mere superstition, was 
a conception of the world equal in rank to philosophy) was founded on the 
same process of projecting conditions of immediate earthly reality into the 
cosmos (as in the naming of the stars), and then of retrojecting the "macro
cosmos" so interpreted into the "microcosmos" of human existence.̂ "
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The interpretation of the cosmos and the individual by a projection 
and retrojection of social or technological modes of human behavior is 
a thematic tendency, that is, one not forced on us by contingent con
sideration. On this ground alone we expect that there exist also themes 
on the other side of the ledger, themes founded on the postulate of the 
antitype of human limitations and transitoriness, on the idea of a per
fect entity. This entity, superior to all limitations and even above man's 
thought, is easily recognizable in scientific thought, from the beginning 
to this day, as the conception—a haunting and apparently irresistible 
one despite all evidence to the contrary—of the final, single, perfect 
object of knowledge to which the current state of science is widely 
thought to lead us, more or less asymptotically, but continually and 
inexorably.

Like the exemplification of this conception outside science—in the 
Supreme Being, or the millennial utopia—the final state of science is one 
that it is generally agreed cannot be defined with any degree of precision 
by means of concepts or the use of ordinary language. That would be in
compatible with its perfection. It is seen as a conception far beyond 
those arising directly from an examination of the empirical world. Oc
casionally a scientist rashly dares to put this dream into words, and then 
it is likely to emerge that the best he can say is that the goal is already 
being achieved. The inadequacy of such a statement soon becomes ap
parent to everyone. Thus A. A. Michelson said in 1903:

The more important fundamental laws and facts of physical science have 
all been discovered, and these are now so firmly established that the possibility 
of their ever being supplanted in consequence of new discoveries is exceedingly 
remote. . . . Our future discoveries must be looked for in the 6th place of 
decimals.**

Again, the physicist Robert B. Leighton wrote much more recently:

. . .  It is now believed that quantum electrodynamics provides an exact descrip
tion of all physical phenomena which do not directly involve nuclear forces, 
the weak interactions, or gravitation: Nearly all of the data that appear in 
handbooks of physics and chemistry could, in principle, be calculated from 
/h.st /trunh/i/gi if sufficiently powerful mathematical techniques were known! 
With the rapid advances that are being made in particle physics, perhaps it is 
not too much to expect that in a few more decades of/ physical phenomena 
will be equally well understood.*̂
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We may guess that there will very likely always be such expressions of 
hope in the imminent perfectibility of science to balance the sense of 
turmoil around us and of unexpected transitions beyond the horizon.

F

Returning to the methodological themes of anthropomorphic pro
jection and retrojection in our own current scientific work, we would be 
fundamentally mistaken to regard these as an accidental rather than an 
essential and important element. I hold with Whorf and Sapir that a 
working language mirrors the internal metaphysics of the culture of 
which language is a part. This is true also for the language used in the 
scientific area of a culture. Niels Bohr thought that the same principle is 
applicable on a larger scale: in the essay NaduraJ PAdoio^Ay and Hu
man Cuflurat, he confesses his belief that "the traditional differences [of 
human cultures] in many ways resemble the different equivalent modes 
in which physical experience can be described."" More personally and 
specifically, Martin Deutsch, a nuclear physicist at the Massachusetts 
Institute of Technology, confessed in an article, Evidence and /n/ergnee 
:n Nuc/gar PgjearcA: "In my own work I have been puzzled by the strik
ing degree to which an experimenter's preconceived image of the process 
which he is investigating determines the outcome of his observations. 
The image to which I refer is the symbolic, anthropomorphic represen
tation of the basically inconceivable atomic processes.""

One may go further than this. Not only are the atomic processes 
basically inconceivable once one leaves the level of common sense, but 
there is also considerable naivete in accepting, even on the level of com
mon sense, what we "see" in the laboratory. For most scientists, the cre
ative scientific imagination, as Deutsch notes, can "function only by 
evoking potential or imagined sense impressions. . . .  I have never met a 
physicist, at least not an experimental physicist, who does not think of 
the hydrogen atom by evoking a visual image of what he woidd see if the 
particular atomic model with which he is working existed literally on a 
[large] scale accessible to sense impressions. At the same time the physi
cist realizes that in fact the so-called internal structure of the hydrogen 
atom is in prmcfpfg inaccessible to direct sensory perception.""

The more sophisticated science becomes, the more striking is this para
dox. Even the simplest observation in any advanced science involves a 
formidable apparatus of theory. The valuable experimental observations
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in any modern laboratory, Deutsch recognizes, "seem virtually negligible 
in the totality of material involved in the experiment. . . . Almost all 
sense impressions concerning interpretation are irrelevant to the ques
tion investigated."*" Thus, the energy, the size, the period of persistence 
of the phenomenon studied, all are minute compared to the other attend
ant data. To use the language of communication engineering, the ratio 
of signal to noise is extremely small in the laboratory.

In such situations the engineer knows that he must work with a very 
special kind of "receiver" in order to receive anything. A model is the 
maser (as used in radioastronomy) which in principle is a device that 
operates by re-emitting or releasing a signal at considerably larger energy 
than the incoming, noise-laden signal. This is achieved by having the 
emitter preloaded, as it were, to be triggered by the relatively low- 
energy, incoming signal. Similarly, it is possible to understand and use 
observations in physics today only if the scientist has, from the very be
ginning, a "well-structured image of the actual connections between the 
events taking place."

This is indeed far from the conventional idea that the scientist keeps 
a completely open mind. The more carefully we peer at the "faces" of 
our meters, therefore, the more we see the reflection of our own faces. 
Even in the most up-to-date physical concepts the anthropomorphic 
burden is very large. Particles still attract or repel one another, rather as 
do people; they "experience" forces, are captured or escape. They live 
and decay. Circuits "reject" some signals and "accept" others; and so 
forth. Deutsch notes: "An electron [or any particle of modern physics] is 
clearly not an object with the general properties of a ball which we 
would see if we had a sufficiently good microscope, or feel impinging on 
our hand if our nerves were a little more sensitive. We are not /orcgd by 
direct sense perception to use this image. We have developed it because 
it allows us to reason from one experiment to the next by analogy; even 
in a mathematically sophisticated theory we must deal with formal 
thought processes designed to connect sensory impressions. It, too, must 
proceed by analogy with the connections established between such per
ceivable events."**

Here is only one of several reasons that some critics of science are 
so wrong in thinking of modern science as entirely depersonalized, 
cold and abstract, devoid of all personal concerns. If this were so, sci
entists would find their work lacking that secret source of excitement
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which cannot be easily analyzed but can be shared. More than that, 
without these tie-lines to personal styles and themes, the practitioners 
could not so successfully understand the content of public science itself.

Thus, even as in Babylon and Greece, where family relationships were 
projected into the very naming of constellations in the sky above, the 
nuclear physicist projects human relationships into his equipment and 
data. For example, for reasons that have become sound and even un
avoidable through use and success, he prefers to "see" an experimental 
result, such as the bubble-chamber photograph in Figure 2, in terms of a 
life-cycle story. He will describe it as follows: a pion—an elementary 
particle whose track is marked 7r* on the drawing that interprets the 
raw observations (Figure 3)—comes into the viewfield from the lower
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Figure 2 Associated production of neutral strange particles by tr in liquid 
hydrogen bubble chamber.
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center portion. It encounters a proton in the chamber and interacts with 
it to form two so-called strange particles (labeled K° and A"—called 
"strange" because they were found to survive unexpectedly long, namely 
10*i° sec.); these, being neutral, leave no trace to look at, until they de
cay. The product of each "strange" particle's decay is one negative and 
one positive particle, thereby producing in our viewheld, as it were, a 
third generation of particles, each again having its own characteristic 
lifetime.

This is a familiar, primordial type of drama or folk tale, one acted out 
in space and time. But it is one not forced on us by the "data." For it is at 
least conceivable that physicists might have chosen a quite different way 
of looking at "what happens" here; they might have started by seeing 
Figure 2 as a whole, as a calligraphic design (somewhat analogous to
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Arman's products), without space-time development. Its meaning could 
have been sought in the structure of the apperception rather than in a 
story of evolution and devolution, of birth, adventure, and death.

Of course, one might object that this alternative would probably be 
quite barren in the framework of our science. But this recognition would 
simply reinforce the suspicion that the symbolic power of useful scien
tific concepts rests at least in some part on the fact that so many of these 
concepts have for so long been importing anthropomorphic projections 
from the world of the human drama.

F/
I turn finally to a process of projection in science which is not merely 

conceptual but temporal. It will help us to understand the fact that, at 
bottom, the work of major scientific "revolutionaries," like Einstein, is 
really not an act of iconoclastic destruction of the base of science and 
the rebuilding of a radically new state, a state possible only in the future. 
Rather, such advances can usually be seen to be projections back to an 
idealized, purified state of the past—and, in particular, a return to a 
state of imagined classical purity, to the ideal of an earlier science that 
supposedly had a small number and a low complexity of hypotheses.

To be sure, the dream of portraying with an earlier kind of simplicity 
a more highly developed state of science is, and always has been, in an 
important way doomed to failure. Simplicity in the new theory is always 
bought at the expense of rejecting regions of previously accessible specu
lation, or by considerably deepened mathematical sophistication, or by 
the invention of mechanisms that are at the time of announcement of the 
theory not at all amenable to experimental verification. Therefore, the 
call for simplicity has only a restricted validity. The motivation is, as it 
were, a longing to establish again an uncomplicated situation, a situation 
in which experience is dealt with in terms of one or a few large unities 
rather than detailed particulars—perhaps indeed an attempt to And a 
way back to a primitive or childlike state of reality.

In the case of Einstein, this projection to a paradisical past may have 
had two sources which reinforced each other. In his autobiographical 
account he spoke of his youthful belief in the reality of biblical events, 
a dream which was shattered at the age of twelve by contact with scien- 
tiAc works of the time. A quotation from his Aotgi
seems to me particularly revealing because it shows a connection be-
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tween the desire to return to a secularized paradise and the desire to 
escape to an extrapersonai ieveh Einstein wrote as follows:

Thus I came—despite the fact that I was the son of entirely irreligious (Jew
ish) parents—to a deep reiigiosity, which, however, found an abrupt ending at 
the age of 12. Through the reading of popular scientific books I soon reached 
the conviction that much in the stories of the Bibie could not be true. The conse
quence was a positiveiy fanatic [orgy of] freethinking coupled with the impres
sion that youth is intentionally being deceived by the state through lies; it was 
a crushing impression. Suspicion against every kind of authority grew out of 
this experience. . . .  It is quite clear to me that the religious paradise of youth, 
which was thus iost, was a first attempt to free myself from the chains of the 
"merely persona]." . . .The mental grasp of this extra-persona] world within 
the frame of the given possibilities swam as highest aim haif consciously and 
ha)f unconsciously before my mind's eye.*s

Einstein's attempt to restructure science, then, seems to me in several 
senses to be a return—first, to the childhood state of innocence by a 
secularization of the religious childhood paradise; second, to the early 
dream of a state or social environment greatly at variance with the harsh 
reality that he saw all around him—to a dream of a social environment 
which, in a word, characterizes the social childhood paradise; third, to 
an early state of science in which the purity of a few hypotheses sup
posedly was a primary characteristic.

It is perhaps not a mere coincidence that each of the physical scien
tists who by their work "completely revolutionized" science had a strong 
sense of history and an admiration for the ancients, and that both these 
traits are, as a matter of fact, rather lacking from the thoughts and vo
cabulary of most lesser scientists, those below the level of a Copernicus, a 
Newton, an Einstein, a Niels Bohr. This historic taste is, however, what 
one would expect of thinkers who at heart are purifiers and counter
revolutionaries.

Thus, Copernicus, directly and through Rheticus, is quite explicit 
about his having looked for a warrant for his heretical view in the writ
ings of the ancients. He does not, of course, dare to mention Aristarchus 
in the final manuscript of DE R E V O L U T iO N iB u s ,  but he calls upon Hece- 
tas of Syracuse, Heraclides, and Ecphantus the Pythagorean for sup
port in the belief in the diurnal rotation of the earth, while Philolaus is 
called upon to support the doctrine of the annual orbit around the sun.

Newton was, of course, well versed in classical history and indeed
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preoccupied with bibiica! chronology. Although he was, with Leibniz, 
the discoverer of differential and integral calculus, Newton wrote the 
PRiNCiPiA in the language of Apollonius and Archimedes. This inciden
tally accounts for the fact that soon the P m N C tP iA  became almost en
tirely unreadable to most scientists. The geometrical style of proof has 
long since been supplanted by proofs involving the modem calculus. On 
this point Newton once explained, in the third person: "By the help of 
the new analysis Mr. Newton found out most of the propositions in his 
P R iN C iP iA  P H i L o s o P H i A E .  But because the ancients, for making things 
certain, admitted nothing in the geometry before it was demonstrated 
synthetically, he demonstrated the propositions synthetically, that the 
systems of the heavens might be founded upon good Geometry.""

The early, indeed the classically simple, state of science, then, is the 
true home of the "revolutionary" scientist's imagination. And how im
portantly the major scientific advances of which we speak are deter
mined by a commitment to a style rather than "brute fact" is made 
clear by a very simple observation: each of the great advances plainly 
generated more strictly physical problems than it eliminated. They were 
great advance.! in the sense that they broke through to a new area of 
fruitful ignorance. Copernicus makes necessary the formulation of a 
completely new dynamics of celestial motion; he turns his back on Aris
totelian physics, but he cannot put anything else in its place, and we 
have to wait until the Newtonian synthesis of mechanics for a new phys
ics, a physics Copernicus would not have understood or supported. New
ton, in turn, remains incomprehensible without an explanation of action 
at a distance, and that becomes one of the major and obsessive preoccu
pations of nineteenth-century physics—until Maxwell, Hertz, and Ein
stein give solutions which Newton would have found quite uncongenial.

Considerations of an aesthetic nature and the yearning for a simple 
state of science merge in the requirement that the number and types of 
hypotheses be severely restricted in any true theory. It is, I think, very 
significant that Cotes, Newton's disciple, eulogized his master in the pre
face to the second edition of the P R iN C iP iA  in these words: "He has so 
clearly laid open the most beautiful frame of the system of the world, 
that if King Alphonso were now alive he would not complain for want 
of the graces of simplicity or harmony." Simplicity, it should be recalled, 
is characteristic both of the state of theory in antiquity and of the desired 
state of theory in the future. The right path, these men seem to say, is,
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in science as in ali mythically driven activities, from the past through 
the unfolding present into a regained state of the past. °̂

U77

I have presented here some speculative considerations on the various 
ways in which the state of affairs, the folklore and beliefs external to 
science (in the narrow sense of the word), affect the imagination of the 
acting scientist. Perhaps these thoughts will be of some use to those 
philosophers of science who have been struggling with the old question 
of what the source may be for the strong warrant for explanatory scien
tific principles—a warrant that cannot be found in experiment and 
logic alone.

But there is another, even more important reason for recognizing the 
existence of general stylistic commitments built into scientific work: in 
this way, we may hope to contribute a little to understanding the puz
zling fact that science has indeed for so long been so successful and has 
remained so interesting. For without some such support for the imagina
tion, coming to us from beyond the boundaries of science alone, without 
the help of all the best that has been thought and felt before us, how 
could we hope that the brief attention we can give to scientific problems 
during our short lives could even yield anything worthwhile? If at every 
turn we had to construct science anew out of science alone, without the 
guidance of style and knowledge in their widest sense, how could we 
hope to catch this complex and infinitely fascinating world with our 
minds at all?
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4 THE ROOTS OF COMPLEMENTARITY

Como, 7927

gdjACH AGE is formed by certain characteristic conceptions, those 
that give it its own unmistakable modernity. The renovation of 

quantum physics in the mid-1920's brought into public view just such 
a conception, one that marked a turning point in the road from which 
our view of the inteiiectua! landscape, in science and in other fields, will 
forever be qualitatively different from that of earlier periods. It was in 
September 1927 in Como, Italy, during the International Congress of 
Physics held in commemoration of the one-hundredth anniversary of 
Alessandro Volta's death, that Niels Bohr for the first time introduced 
in a public lecture his formulation of complementarity.* It was reported 
that Bohr's audience contained most of the leading physicists of the 
world in this area of work, men such as Max Born, A. H. Compton, Peter 
Debye, Enrico Fermi, James Franck, Werner Heisenberg, Max von 
Laue, H. A. Lorentz, Robert Millikan, Wolfgang Pauli, Max Planck, 
Arnold Sommerfeld, and Otto Stem, among others. It was a veritable 
summit meeting. Only Einstein was conspicuously absent.

In the introduction to his lecture, Bohr said he would make use "only 
of simple considerations, and without going into any details of technical, 
mathematical character." Indeed, the essay contained only a few
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simple equations. Rather, its avowed purpose was a methodological one 
that, at ieast in this initial announcement, did not yet confess its ambiti
ous scope. Bohr stressed only that he wanted to describe "a certain gen
eral point of view .. . which I hope will be helpful in order to harmonize 
the apparently conflicting views taken by different scientists."

He was referring to a profound and persistent difference between the 
classical description and the quantum description of physical phenom
ena. To review it, we can give four brief examples of the dichotomy:

1. In classical physics, for example in the description of the motion 
of planets or billiard balls or other objects which are large enough to be 
directly visible, the "state of the system" can (at least in principle) be 
observed, described, defined with arbitrarily small interference of the 
behavior of the object on the part of the observer, and with arbitrarily 
small uncertainty. In quantum description, on the other hand, the "state 
of the system" cannot be observed without significant influence upon the 
state, as for example when an attempt is made to ascertain the orbit 
of an electron in an atom, or to determine the direction of propagation 
of photons. The reason for this situation is simple: the atoms, either in 
the system to be observed or in the probe that is used in making the ob
servation, are never arbitrarily fine in their response; the energy ex
change on which their response depends is not any small quantity we 
please, but, according to the "quantum postulate" (Planck's fundamen
tal law of quantum physics), can proceed only discontinuously, in dis
crete steps of finite size.

2. It follows that in cases where the classical description is adequate, 
a system can be considered closed although it is being observed, since 
the flow of energy into and out of the system during an observation (for 
example, of the reflection of light from moving balls) is negligible com
pared to the energy changes in the system during interaction of the parts 
of the system. On the other hand, in systems that require quantum de
scription, one cannot neglect the interaction between the "system under 
observation," sometimes loosely called the "object," and the agency or 
devices used to make the observations (sometimes loosely called the "sub
ject"). The best-known case of this sort is illustrated by Heisenberg's 
gamma-ray microscope, in which the progress of an electron is 
"watched" by scattering gamma rays from it, with the result that the 
electron itself is deflected from its original path.

3. In "classical" systems, those for which classical mechanics is ade-
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quate, we have both conventional causality chains and ordinary space- 
time coordination, and both can exist at the same time. In quantum sys
tems, on the other hand, there are no conventional causality chains; if 
left to itseif, a system such as an atom or its radioactive nucleus under
goes changes (such as emission of a photon from the atom or a particle 
from the nucleus) in an intrinsically probabilistic manner. However, if 
we subject the "object" to space-time observations, it no longer under
goes its own probabilistic causality sequence. Both these mutually ex
clusive descriptions of manifestations of the quantum system must be 
regarded as equally relevant or "true," although both cannot be exhib
ited at one and the same time.

4. Finally, we can refer to Bohr's own illustration in the 1927 essay of 
"the much discussed question of the nature of light. .. [I]ts propagation 
in space and time is adequately expressed by the electromagnetic theory. 
Especially the interference phenomena in nacMo and the optical proper
ties of material media are completely governed by the wave theory super
position principle. Nevertheless, the conservation of energy and momen
tum during the interaction between radiation and matter, as evident in 
the photoelectric and Compton effect, finds its adequate expression just 
in the light quantum idea put forward by Einstein."" Unhappiness with 
the wave-particle paradox, with being forced to use in different contexts 
two such antithetical theories of light as the classical wave theory and 
the quantum (photon) theory was widely felt. Einstein expressed it in 
April 1924 by writing: "We now have two theories of light, both indis
pensable, but, it must be admitted, without any logical connection be
tween them, despite twenty years of colossal effort by theoretical phys
icists."^

The puzzle raised by the gulf between the classical description and 
quantum description was: could one hope that, as had happened so 
often before in physics, one of the two antithetical views would somehow 
be subsumed under or dissolved in the other (somewhat as Galileo and 
Newton had shown celestial physics to be no different from terrestrial 
physics) ? Or would one have to settle for two so radically different 
modes of description of physical phenomena? Would the essential conti
nuity that underlies classical description, where coordinates such as 
space, time, energy, and momentum can in principle be considered in
finitely divisible, remain unyieldingly antithetical to the essential dis
continuity and discreteness of atomic processes?
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Considering the situation in 1927 in thematic terms, it was by that 
time clear that physics had inherited contrary themata from the "classi
cal" period (before 1900) and from the quantum period (after 1900) A 
chief thema of the earlier period was continuity, although it existed side 
by side with the atomistic view of matter. A chief thema of the more 
recent period was discontinuity, although it existed side by side with the 
wave theory of electromagnetic propagation and of the more recent 
theories associated with de Broglie and Erwin Schrodinger.

In the older physics, also, classical causality was taken for granted, 
whereas in the new physics the concept of indeterminacy, statistical de
scription, and probabilistic distribution as an inherent aspect of natural 
description were beginning to be accepted. In the older physics, the pos
sibility of a sharp subject-object separation was not generally challenged; 
in the new physics it was seen that the subject-object coupling could be 
cut only in an arbitrary way. In Bohr's sense, a "phenomenon" is the 
description of that which is to be observed and of the apparatus used to 
obtain the observation.

Bohr's proposal of 1927 was essentially that we should attempt not 
to reconcile the dichotomies, but rather to realize the complementarity of 
representations of events in these two quite different languages. The sep
arateness of the accounts is merely a token of the fact that, in the normal 
language available to us for communicating the results of our experi
ments, it is possible to express the wholeness of nature only through a 
complementary mode of descriptions.* The apparently paradoxical, con
tradictory accounts should not divert our attention from the essential 
wholeness. Bohr's favorite aphorism was Schiller's Mir die Tddg /dArt 
ZMr AdarAeit. Unlike the situation in earlier periods, clarity does not re
side in simplification and reduction to a single, directly comprehensible 
model, but in the exhaustive overlay of different descriptions that incor
porate apparently contradictory notions.

Summarizing his Como talk, Bohr in 1949 stressed that the need to ex
press one's reports ultimately in normal (classical) language dooms any 
attempt to impose a clear separation between an atomic "object" and the 
experimental equipment.

The new progress in atomic physics was commented upon from various 
sides at the International Physical Congress held in September 1927, at Como 
in commemoration of Volta. In a lecture on that occasion, I advocated a point 
of view conveniently termed "complementarity," suited to embrace the char
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acteristic features of individuality of quantum phenomena, and at the same 
time to clarify the peculiar aspects of the observationa! problem in this field 
of experience. For this purpose, it is decisive to recognize that, /tomeuer /ar 
tAe phenomena transcend tAe scope o/ classical pAysicai explanation, tAe ac
count o/ aii evidence must Ae expressed in ciassicai terms. The argument is 
simpty that by the word "experiment" we refer to a situation where we can 
teii others what we have learned and that, therefore, the account of the ex
perimental arrangement and of the results of the observations must be ex
pressed in unambiguous language with suitable application of the terminology 
of classical physics.

This crucial point, which was to become a main theme of the discussions 
reported in the following, implies the impossibility o/ any sAarp separation 
between tAe beAaoicMr o/ atomic objects and tAe interaction untA tAe measur
ing instruments zcAicA seroe to depne tAe conditions under roAicA tAe pAenom- 
ena appear. In fact, the individuality of the typical quantum effects finds its 
proper expression in the circumstance that any attempt of subdividing the 
phenomena will demand a change in the experimental arrangement, introduc
ing new possibilities of interaction between objects and measuring instruments 
which in principle cannot be controlled. Consequently, evidence obtained 
under different experimental conditions cannot be comprehended within a 
single picture, but must be regarded as complementary in the sense that only 
the totality of the phenomena exhausts the possible information about the 
objects, s

What Bohr was pointing to in 1927 was the curious realization that 
in the atomic domain, the only way the observer (including his equip
ment) can be uninvolved is if he observes nothing at all. As soon as he 
sets up the observation tools on his workbench, the system he has chosen 
to put under observation and his measuring instruments for doing the 
job form one inseparable whole. Therefore the results depend heavily on 
the apparatus. In the well-known illustration involving a light beam, if 
the instrument of measurement contains a double pinhole through which 
the light passes, the result of observation will indicate that a wave phe
nomenon is involved; but if the "same" light beam is used when the 
measuring instrument contains a collection of recoiling scatterers, then 
the observation results will indicate that a stream of particles is involved. 
(Moreover, precisely the same two kinds of observations are obtained 
when, instead of the beam of light, one uses a beam of "particles" such 
as atoms or electrons or other subatomic particles.) One cannot construct 
an experiment which simultaneously exhibits the wave and particle
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aspects of atomic matter. A particular experiment will always show only 
one view or representation of objects at the atomic level.

The study of nature is a study of artifacts that appear during an en
gagement between the scientist and the world in which he finds himself. 
And these artifacts themselves are seen through the lens of theory. Thus, 
different experimental conditions give different views of "nature." To 
call light either a wave phenomenon or a particle phenomenon is impos
sible; in either case, too much is left out. To call light a wave phe
nomenon and a particle phenomenon is to oversimplify matters. Our 
knowledge of light is contained in a number of statements that are seem
ingly contradictory, made on the basis of a variety of experiments under 
different conditions, and interpreted in the light of a complex of theories. 
When you ask, "What is light?" the answer is: the observer, his various 
pieces and types of equipment, his experiments, his theories and models 
of interpretation, whatever it may be that fills an otherwise empty 
room when the lightbulb is allowed to keep on burning. All this, together, 
is light.

No objections seem to have been raised against Niels Bohr's paper at 
the Como meeting. On the other hand, at this first hearing the impor
tance of the new point of view was not immediately appreciated. Ap
parently a typical comment overheard after Bohr's lecture was that it 
"will not induce any of us to change his own opinion about quantum 
mechanics."" A distinguished group of physicists, although a minority in 
the field, remained unconvinced by and indeed hostile to the comple
mentarity point of view. Foremost among them was Einstein, who heard 
the first extensive exposition a month after the Como meeting, in Octo
ber 1927, at the Solvay Congress in Brussels. Einstein had disliked even 
the earlier Gottingen-Copenhagen interpretations of atomic physics that 
were based on the themata of discontinuity and nonclassical causality. 
He had written to Paul Ehrenfest (August 28, 1926), "I stand before 
quantum mechanics with admiration and suspicion," and to Born (De
cember 4, 1926) Einstein had said, "Quantum mechanics demands seri
ous attention. But an inner voice tells me that this is not the true Jacob. 
The theory accomplishes a lot, but it does not bring us closer to the 
secrets of the Old One. In any case, I am convinced that He does not 
play dice."''

Almost a quarter of a century later Einstein was still in opposition, 
and added two objections to the complementarity principle: "to me it
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must seem a mistake to permit theoretical description to be directly de
pendent upon acts of empirical assertions, as it seems to be intended [for 
example] in Bohr's principle of complementarity, the sharp formulation 
of which, moreover, I have been unable to achieve despite much effort 
which I have expended on it."s

Bohr himself was aware from the beginning that the complementarity 
point of view was a program rather than a finished work; that is, it had 
to be extended and deepened by much subsequent work. It was to him 
"a most valuable incentive . . .  to reexamine the various aspects of the 
situation as regards the description of atomic phenomena" and "a wel
come stimulus to verify still further the role played by the measuring 
instruments."^ However, as we shall see, over the years Bohr came to 
regard the complementarity principle as more and more important, ex
tending far beyond the original context in which it had been announced. 
For his later, deep commitment to the conception, and for his awareness 
of the antiquity of some of its roots, we need cite here only an anecdotal 
piece of evidence. When Bohr was awarded the Danish Order of the 
Elephant in 1947, he had to supervise the design of a coat of arms for 
placement in the church of the Frederiksborg Castle at Hillerod. The 
device (see p. 106) presents the idea of complementarity: above the 
central insignia, the legend says Cowtraria jaat compfewenta, and at the 
center Bohr placed the symbol for Yin and Yang.

Z,MX PeMMJ L a m g a

How did Bohr's complementarity point of view—so far from the older 
scientific tradition of strict separation between the observer and the ob
served—come to be developed? Finding the various roots of and the 
likely preparatory conditions for this transforming conception—those in 
physical theory and those in philosophical tradition—appears to me to 
be an interesting problem that is far from its unambiguous solution. How
ever, there are already some useful results of the search, particularly in
sofar as they may have relevance for a better understanding of the mu
tual interaction of scientific and humanistic traditions.

The first direction to look is the development of the early ideas con
cerning the nature of light. That a modern thema was already inherent 
in the formulations that began in antiquity should not surprise us; we 
know from other studies that despite all change and progress of science,
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the underlying, important themata are relatively few. In one guise or 
another they have been the mainstay of the imagination.

One of the favorite ancient ideas concerning the nature of light, origi
nating in the Pythagorean school, postulated that rays are emitted by the 
eye to explore the world. Euclid spoke of the eye as if it were sending 
out visual rays whose ends probed the object, somewhat like the stick 
of a blind man tapping around himself. A  somewhat more refined con
ception of this general sort is still found in Ptolemy in the second cen
tury A.D. in the A L M A G E S T , and so was transmitted to a later period.

There is in these emission theories of light clearly an intimate inter
action through contact between the observer and the observed. This is 
also true for the emanation tradition in another, less materialistic form.*" 
Here, objects are thought to impress themselves upon our sight owing to 
a contact force similar to touch—action at a distance being ruled out 
in classical physics—and this touch reaches our souls by the action of 
the or images or shadows which the emitting bodies send out.
Plato held that as long as the eye is open it emits an inner light. For 
the eye to perceive, however, there must be outside the eye a "related 
other light," that of the sun or some other source that allows rays to 
come from the objects. Once more, a coupling between the outer and 
inner world is clearly attempted.

There were immense problems with emission theories. How, for ex
ample, can the eye pupil, only a few millimeters wide, admit the image 
that was emitted by a huge mountain? Nevertheless, the emanation 
theory was the take-off point for the optics developed in the seventeenth 
century. Here we find the modern idea that there is an infinite number 
of rays leaving from every point of an illuminated object in all directions. 
But the observer now stands off-stage, and he may or may not be the 
recipient of some of these ray bundles. The latter are no longer the fax 
of the ancients—lux being the word for light when it is regarded as 
a subjective phenomenon—but rather the lumen, a kind of stream of 
light "objects."

The modern period started effectively with Kepler, who in his writ
ing on Witelo in 1604 and later in the D i o P T R i c s  of 1611 described how 
light is refracted by a sphere, for example in a spherical bottle filled with 
water; he applied his findings to the pupil of the eye. Here was the basic 
new idea in the optics of vision: the eyeball, and the lens in front of it, 
focus the ray bundles that come through the pupil, and at the focus the
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sensorium is stimulated in some way— h jfmp/y no! Af
part o/ optics. In the D i o P T R i c s  Kepler showed for the first time how 
lenses really work. Significantly, most images that can be constructed 
diagrammatically by ray optics can, in fact, not be seen at all by an eye 
placed at the instrument. Gone are the eidola and species, the "recogni
tion" of soul by soul in Neoplatonist discussion of optics—but gone also 
is the close coupling of the observer and the observed. The had
won over the fax.

We see how the science of optics became "modern": by an act of 
breaking the bonding that was self-evident for the ancients, by dis
engaging the conceptions of what goes on "out there, objectively speak
ing" on the one hand, and what the eye does with light on the other 
hand. At some point someone had to do what Kepler, in preparing for 
Newton, finally did, namely to get interested in bundles of light rays com
ing together on a screen outside an eye—or, what is for the physics of 
light significantly exactly the same thing, on the retina or screen in back 
of the eye—and to stop thinking about the sense impressions produced at 
such a focus at the same time. As Muller's influential L E H R B U C H  DER 

P H Y S iK  said in 1926, just one year before Bohr's formulation of the idea 
of complementarity, the first task of physical optics "is the sharp separa
tion between the objective ray of light and the sensory impression of 
light. The subject of discussion of physical optics is the ray of light, 
whereas the inner processes between eye and brain"—says the L E H R -  

B U C H , dismissing the matter—"are in the domain of physiology, and 
perhaps also psychology."

We see here an attempt at precisely the same separation of primary 
and secondary qualities, between the numerical and affective aspects 
of nature, that, as it had turned out three centuries before, was the key 
with which Galileo and others at that time managed to go from the me
chanics of antiquity to modern mechanics. We recall that it was Galileo 
who did for particles, such as falling stones, what Kepler did for light— 
namely, to remove the language of volition and teleology, and to fortify 
the notion of "impersonal," causal laws of motion. The Newtonian sci
ence of light has no primary place for the observer and his sense im
pression. In this manner, the important, basic properties of light could 
be discovered: the finite propagation speed, the existence of light rays 
outside the range to which the eye is sensitive, the analogy between 
light rays and other radiation such as X-rays, and so forth.

ON THE THEMATIC ANALYSIS OF SCIENCE
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The decoupling between fax and iMWign, between subject and object, 
observer and the observed, and with it the destruction of the eariier, 
holistic physics, was a painful and lengthy process. The reason why it 
was ultimately victorious is the reason why the same process in all other 
parts of science worked: once the separation was made, there ensued a 
dazzling enrichment of our intellectual and material world. By 1927, a 
reader of physics texts was bound to feel that the modern theory of light, 
from electromagnetic theory to the design of optical instruments, de
voted its attention entirely to h/men, and was a held just as deanthropo- 
morphized as all other parts of the developed physical sciences.

But the seed of a new view of light was present, carried in the early 
historic development which we have sketched, in the prescientihc, com- 
monsense notions that everyone begins with—and in the operational 
meaning of some of the main concepts of optics. Thus we turn to a sec
ond main line of ideas leading to the complementarity point of view.

Meaning.:

One of the oldest and most elementary building blocks of optics is: 
light travels in any homogeneous medium in straight lines. But let us 
consider for a moment why we believe that this statement is true.

We can check it most directly in an experimental way by inserting a 
screen or scatterer, such as chalk dust, in different parts of the same 
beam. If we consider this closely, we notice that such a method destroys 
the light beam that we wanted to examine. The insertion of the appa
ratus interferes with the phenomenon.

This situation is typical on the atomic scale. There are no com
parable problems when one wishes to check, say, Newton's First Law of 
Motion for ordinary physical objects, for example, by watching or photo
graphing a ball rolling on a flat table. We can verify that a material 
object in a force-free medium will travel in straight lines without dras
tically interrupting the object's path. The small effects of the apparatus 
can be removed by calculation. The fact that the observer and the 
"object" must share between them at least one indivisible quantum 
is here negligible, that is, can be made an arbitrarily small part of the 
phenomenon. From past observations we can therefore extrapolate with 
certainty the paths the object will take in the future. Space-time descrip
tions and classical causality apply without difficulty. Not so for beams 
of light and of other particles on the atomic scale. The more certainly
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we have ascertained their past, the less certainly we can follow their 
subsequent progress; the effects of the perturbing interaction with the 
apparatus cannot be taken out by calculation, but are intrinsically prob
abilistic. In fact, owing to the uncertainty principle, it is not even pos
sible to define precisely the initial state of the system in the sense re
quired by the classical view of causality.

If we do not wish to intercept the whole beam, we can try to discover 
whether a beam goes in a straight line by another method: by placing 
a number of slits at some distance from one another, but all along the 
same axis, then checking if light penetrates this whole set of collimators. 
But there are now two problems. First, how do we know whether 
the slits are indeed arranged in a straight line? We might check it 
with a straight edge—but we know the straight edge is straight because 
we can sight directly along it and see no curves or protrusions. Clearly, 
this process of sighting, or anything equally effective, relies on using 
a light beam to sight along the ruler. And that, of course, is circular 
reasoning, assuming, in setting up the instrument, what the experiment 
is designed to prove.

The paradox is not inescapable, there are other, although cum
bersome, methods for lining up the slits without assuming anything about 
light. But again, we run into trouble. The more closely we wish to define 
the line along which the beam is to travel, and consequently the narrower 
we make the slit, the more we find that the beam's energy is spread out 
into the "shadow," turning, as it were, a corner on going through the 
slit. This is the phenomenon of diffraction. It is exceedingly easy to dem
onstrate with the crudest equipment, even just by letting light from a 
candle pass through the narrow space between two fingers held closely to 
the eye.

We are dealing here with an instrumental coupling between ob
server (equipment) and the entity to be observed. As soon as we try 
to give an operational meaning to the phrase "light travels in any 
homogeneous medium in straight lines," we see what a poor statement 
it is.

As a result, a physicist is likely to prefer another statement, more 
general but which can be reduced in the limit to the one above. It is 
Fermat's Principle of Least Time, derived from a statement that dates 
from about 1650. Between any two points, light will go along that path 
in which the time spent in transit is less than the time that would be 
spent in any other path. This view explains why a light beam appears to
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go in a straight line in a homogeneous medium, and also how a beam 
is reflected or refracted at the interfaces of two media. But the state
ment harbors the curious idea that light is "exploring" to find the quick
est path, as if light were scouting around in the apparatus. We get here 
a hint of instrumental coupling of the most intimate sort. The suspicion 
arises that the properties we assign to light are to some degree the 
properties of the boxes through which light has to find its way.

This becomes quite obvious and unmistakable when we turn to 
another well-known experiment. When light is sent through a double slit, 
an interference pattern characteristic of the geometry of the arrange
ment is obtained on a screen. If one of the two slits is blocked off, a 
rather different pattern of interference results. All this can be easily 
understood with elementary constructions from the classical theory of 
light. However, if a very weak beam of light is used with the double 
slit experiment, so that at any given time it is exceedingly unlikely 
that more than a single photon travels through the apparatus, a remark
able thing will be observed: even though one cannot help using classical 
language and thinking that a single photon will have to go through 
either one or the other of the two slits at a given time, it will be found 
that as long as both slits are kept open, the interference pattern ac
cumulating in due course on a photographic plate placed at the screen 
has exactly the same characteristics as that for the earlier double slit 
experiment, when the beam was so strong that at any given moment 
some photons were passing through one of the slits and some photons 
were passing through the other. Equally remarkable, if one now closes 
one of the slits toward which the very weak beam of photons is being 
sent, the interference pattern accumulated over a period changes to the 
pattern characteristic of a strong light beam passing through a single 
slit. The fact that for a weak light beam the interference pattern depends 
on the number of slits available—even though there is no evident way 
in which the single photon can "know" if the other slit is open—is an 
indication that the experimental observations of light yield character
istics of the box and its slits as much as of light itself. In short, the ex
periments are made on the entity light +  box. Here, then, in the opera
tional examination of laws of light propagation, is a second path lead
ing to the complementarity idea.

From Corrgi^oMdonce to Com /̂gmewtority

Yet another primary influence on Bohr was, of course, the achievement
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and failures of physics in his own work from about 1912 to about 1925. 
Bohr's mode! of the hydrogen atom of 1912-1913 is now usually remem
bered best for the magnificent accomplishment of predicting the fre
quencies of the emission spectrum. To do this, Bohr essentially tried 
to reconcile the two apparently antithetical notions about light, both of 
which had had their successes—the electromagnetic theory of Maxwell, 
according to which light propagates as a wavelike disturbance charac
terized by continuity, and, on the other hand, Einstein's theory that light 
energy is characterized by discreteness and discontinuity. As Einstein 
had put it in his 1905 paper presenting a "heuristic" point of view con
cerning the interaction of light and matter: "The energy in the light 
propagated in rays from a point is not smeared out continuously over 
larger and larger volumes, but rather consists of a finite number of en
ergy quanta localized at space points, which move without breaking up, 
and which can be absorbed or emitted only as wholes."

By 1912 the indisputable evidence for Einstein's outrageous notion 
was not yet at hand, but some experiments on the photoelectric effect, 
including those with X-rays, began to make it plausible." Indeed, it 
was not until Millikan's experiment, published in 1916, and A. H. 
Compton's experiment of 1922, that the quantum theory of light was 
seen everywhere to be unavoidable.

It is therefore, in retrospect, even more remarkable how courageous 
Niels Bohr's work of 1912-1913 was. Let us recall his model of the hy
drogen atom in its initial form, even though it was soon made more ac
curate though more complex. Bohr's hydrogen atom had the nucleus at 
the center (where Ernest Rutherford, in whose Manchester laboratory 
Bohr was a guest, had just then discovered it to be) and the electron 
orbiting at some fixed distance around the nucleus. When the sample is 
heated or the atoms are otherwise excited by being given extra energy, 
the electron of the excited atom will not be in the normal, innermost 
orbit, or ground state, but will be traveling in a more distant orbit. At 
some point the electron will jump from the outer orbit to one of the 
allowed inner orbits, and in so doing will give up the energy difference 
between these orbits, or stationary states, in the form of a photon of 
energy Ay. This corresponds to the emission of light at the observed fre
quency y or the corresponding wave length A — c/y (where c is the 
speed of light). The various observed frequencies emitted from an 
excited sample of hydrogen atoms were therefore interpreted to be a
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stream of photons, each photon having the energy corresponding to the 
aiiowed transition between stationary states.

The success of the model in explaining all known spectrum lines of 
hydrogen, in predicting other series that were also found, and in giv
ing a solid foothold on the explanation of chemical properties, could not 
hide the realization, fully apparent to Niels Bohr himself, that the 
model carried with it a number of grave problems. First of all, it used 
simultaneously two separate notions which were clearly conflicting: the 
classical notion of an identifiable electron moving in an identifiable 
orbit like a miniature planetary system, and the quantum notion that 
such an electron is in a stationary state rather than continually giving 
up energy while orbiting (as it should do on the basis of Maxwell's 
theory, amply tested for charges circulating in structures of large size). 
Bohr's postulate that the electron would not lose energy by radiation 
while in an orbit, but only on transition from one orbit to the other, was 
necessary to "save" the atom from gradually collapsing with the emis
sion of a spectrum line of continuously changing frequency. Also, con
trary to all previous ideas, the frequency of the emitted photon was not 
equal to the frequency of the model's orbiting electron, either in its 
initial or in its final stationary state.

Looking back later on the situation of about 1913, Merle A. Tuve 
noted that the Bohr atom was "quite irrational and absurd from the 
viewpoint of classical Newtonian mechanics and Maxwellian electro
dynamics . . . .  Various mathematical formalisms were devised which 
simply 'described' atomic states and transitions, but the same arbitrary 
avoidance of detailed processes, for example, descriptions of the actual 
proc&M of transition, were inherent in all these formulations."^

Niels Bohr himself took pains to stress these conflicts from the be
ginning. In fact, the explanation of the spectral lines, which were the 
most widely hailed achievement, more or less constituted an afterthought 
in his own work. His interest was precisely to examine tire area of con
flict between the conceptions of ordinary electrodynamics and classical 
mechanics on the one hand and quantum physics on the other. As 
Jammer pointed out, "Not only did Bohr fully recognize the profound 
chasm in the conceptual scheme of his theory, but he was convinced that 
progress in quantum theory could not be obtained unless the antithesis 
between quantum-theoretic and classical conceptions was brought to 
the forefront of theoretical analysis. He therefore attempted to trace
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the roots of this antithesis as deeply as he could. It was in this search 
for fundamentals that he introduced the revolutionary conception of 
'stationary' states, 'indicating thereby that they form some kind of wait- 
ting places between which occurs the emission of the energy correspond
ing to the various spectral lines,' [as Bohr put it in an address of De
cember 20, 1913, to the Physical Society in Copenhagen.]"*" At the end 
of his address, Bohr said, "I hope I have expressed myself sufficiently 
clearly so that you appreciate the extent to which these considerations 
conflict with the admirably coherent group of conceptions which have 
been rightly termed the classical theory of electrodynamics. On the 
other hand, by emphasizing this conflict, I have tried to convey to you 
the impression that it may also be possible in the course of time to dis
cover a certain coherence in the new ideas."

This methodological strategy of gwipAaiKing conceptual con/Hcf ai a 

ncccMary preparation /or :'ti resolution culminated, fourteen years later, 
in the announcement of the complementarity principle. In the mean
time, Bohr formulated a proposal that turned out to be a moderately 
successful half-way house toward the reconciliation between classical 
and quantum mechanics, a conception which, from about 1918 on, be
came known as the correspondence principle.

In essence, Bohr still hoped for the resolution between opposites by at
tending to an area where they overlap, namely the extreme cases where 
quantum theory and classical mechanics yield to each other. For ex
ample, for very large orbits of the hydrogen atom's electron, the neigh
boring, allowed stationary states in Bohr's model come to be very close 
together. It is easily shown that a transition between such orbits, on the 
basis of quantum notions, yields a radiation of just the same frequency 
expected on classical grounds for a charged particle orbiting as part of 
a current in a circular antenna—and, moreover, the frequency of radia
tion would be equal to the frequency of revolution in the orbit. Thus 
for sufficiently large "atoms," and conversely for sufficiently small "cir
cuits" scaled down from the normal size of ordinary electric experiments, 
a coincidence, or correspondence, of predictions is obtained from the 
two theories.

In this manner, classical physics becomes the limiting case of the 
more complex quantum physics: our more ordinary, large-scale experi
ments fail to show their inherently quantal character only because the 
transitions involved are between states characterized by high quantum
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numbers. In this situation the quantum of action relative to the energies 
involved in the system is effectively zero rather than having a finite 
value, and the discreteness of individuai events is dissolved, owing to 
the large number of events, in an experienced continuum.

The correspondence principle came to be developed in the hands of 
Bohr and his collaborators into a sophisticated tool. The basic hope 
behind it was explained by Bohr in a letter to A. A. Michelson on Feb
ruary 7,1924:

It may perhaps interest you to hear that it appears to be possible for a believer 
in the essential reality of the quantum theory to take a view which may 
harmonize with the essential reality of the wave-theory conception even more 
closely than the views I expressed during our conversation. In fact on the 
basis of the correspondence principle it seems possible to connect the discon
tinuous processes occurring in atoms with the continuous character of the 
radiation field in a somewhat more adequate way than hitherto perceived. . . . 
I hope soon to send you a paper about these problems written in cooperation 
with Drs. Kramers and Slater."

But, shortly after the publication in 1924 of the paper by Bohr, 
Kramers, and Slater," experiments were initiated by Walter Bothe and 
Hans Geiger and by A. H. Compton and A. W. Simon—with unambig
uously disconhrming results. The correspondence principle, it appeared 
now clearly, had been a useful patch over the fissure, but it was not a 
profound solution.

Even before the discovery, major problems known to be inherent 
in the Bohr atom included the following: the fact that the antithetical 
notions of the wave (implied in the frequency or wave length of light 
emitted) and of the particle (implied in the then current idea of the 
electron) were by no means resolved, but on the contrary persisted un
changed in the model of the atom; so did the conflict between the anti
thetical notions of classical causality on the one hand (as in the presumed 
motion of the electrons in their orbits) and of probabilistic features on 
the other (as for the transitions between allowed orbits); and even the 
notion of the "identity" of the atom had to be revised, for it was no 
longer even in principle observable and explorable as a separate entity 
without interfering with its state. Each different type of experiment 
produces its own change of state, so that different experiments produce 
different "identities."
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Such questions remained at the center of discussion among the most 
concerned physicists. Schrodinger and de Broglie, for example, hoped 
to dea! with the glaring contrast between the themata of continuity and 
discontinuity by providing a wave-mechanicai explanation for phenom
ena that previously had been thought to demand a language of quantiza
tion. As Schrodinger wrote in his first paper on the subject/" "It is 
hardly necessary to point out how much more gratifying it would be to 
conceive a quantum transition as an energy change from one vibrational 
mode to another than to regard it as a jumping of electrons. The varia
tion of vibrational modes may be treated as a process continuous in 
space and time and enduring as long as the emission process persists." 
Thus, space-time description and classical causality would be preserved.

The reception accorded to Schrodinger's beautiful papers was inter
esting. Heisenberg had obtained essentially the same results in a quite 
different way through his matrix mechanics; as Jammer notes, "it was an 

approach which, proceeding from the observed discreteness of 
spectral lines, emphasized the element of dMcoatuniify; in spite of its 
renunciation of classical description in space and time it was ultimately 
the theory whose basic conception was the Schrodinger's, in
contrast, was based on the familiar apparatus of differential equations, 
akin to the classical mechanics of fluids and suggestive of an easily visu- 
alizable representation; it was an awalyhcaf approach which, proceeding 
from a generalization of the classical laws of motion, stressed the element 
of confmaify."** "Those who in their yearning for continuity hated to re
nounce the classical maxim Hatiira wow acclaimed Schro
dinger as the herald of a new dawn. In fact, within a few brief months, 
Schrodinger's theory 'captivated the world of physics' because it seemed 
to promise 'a fulfillment of that long-bafHed and insuppressible desire' 
[in the words of K. K. Darrow, THE BELL SYSTEM TECHNICAL JOURNAL,
6 (1927)]__Planck reportedly declared 'I am reading it as a child reads
a puzzle,' and Sommerfeld was exultant."*" So, of course, was Einstein, 
who as early as 1920 had written to Born, "that one has to solve the 
quanta by giving up the continuum, I do not believe."

We are, of course, dealing here with the kind of intellectual commit
ment, or "insuppressible desire," that characterizes a true thematic at
tachment. Rarely has there been a more obvious fight between different 
themata vying for allegiance, or a conflict between the aesthetic criteria 
of scientific choice in the face of the same set of experimental data. And
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nothing is more revealing of the true and passionate motivation of sci
entists than their responses to each other's antithetical constructs. In a 
letter to Pauli, Heisenberg wrote: "The more I ponder about the phys
ical part of Schrodinger's theory, the more disgusting [̂ gyto afwAgM- 
JfgAgr] it appears to me." Schrodinger, on his side, freely published his 
response to Heisenberg's theory: "I was discouraged [aAggjgArgcAt] if not 
repelled [aAggitawga]."*"

Different aspects of thematic analysis and thematic conflict were the 
subject of previous articles.^" In these studies I pointed out a number of 
other theme-antitheme couples, which may be symbolized by (0, 0). 
What Bohr had done in 1927, shortly after the Heisenberg-Schrodinger 
debates, was to develop a point of view which would allow him to ac- 
ggjM AotA memory <?/ tAg ^0, 0 j goa^/g ar vaM o/ natarg, ac
cepting the continuity-discontinuity (or wave-particle) duality as an 
irreducible fact, instead of attempting to dissolve one member of the 
pair in the other as he had essentially tried to do in the development of 
the correspondence-principle point of view. Secondly, Bohr saw that the 
(0, 0) couple involving discrete atomism on the one hand and continuity 
on the other is related to other (0, 0) dichotomies that had obstinately 
refused to yield to bridging or mutual absorption (for example, the sub
ject-object separation versus subject-object coupling; classical causality 
versus probabilistic causality). The consequence Bohr drew from these 
recognitions was of a kind rare in the history of thought: he introduced 
explicitly a new thema, or at least identified a thema that had not yet 
been consciously a part of contemporary physics. Specifically, Bohr asked 
that physicists accept both 0 and 0—though both would not be found in 
the same plane of focus at any given time. Nor are 0 and 0 to be trans
formed into some new entity. Rather, they both exist in the form EitAgr 
0 Or 0 the choice depending on the theoretical or experimental ques
tions which you may decide to ask. We see at once why all parties con
cerned, both those identified with 0 and those identified with 0, would 
not easily accept a new thema which saw a basic truth in the existence 
of a paradox that the others were trying to remove.

Poaf Afarfia Mof/gr aagf WiMam /a m g i

Another root of the complementarity conception can be discerned 
in Niels Bohr's work when we carefully read and reread his own state-
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ments of the complementarity point of view. For it is at first curious and 
then undeniably significant that from the very beginning in 1927, Niels 
Bohr cited experiences of daily life to make apparent the difficulty of 
distinguishing between object and subject, and, as Oskar Klein wrote in 
a retrospective essay, "to facilitate understanding of the new situation 
in physics, where his view appeared too radical or mysterious even 
to many physicists."^ In this connection, according to Klein, Bohr chose 
a particularly simple and vivid example: the use one may make of a 
stick when trying to find one's way in a dark room. The man, the stick, 
and the room form one entity. The dividing line between subject and 
object is not fixed. For example, the dividing line is at the end of the 
stick when the stick is grasped firmly. But when it is loosely held, the 
stick appears to be an object being explored by the hand. It is a 
striking reminder of the situation described in the classical emanation 
theory of light in which we first noted the problem of coupling between 
observer and observed.

On studying Bohr's writings one realizes by and by that his uses of 
apparently "extraneous" examples or analogies of this sort are more than 
mere pedagogic devices. In his September 1927 talk, the final sentence 
was "I hope, however, that the idea of complementarity is suited to 
characterize the situation, which bears a deep-going analogy to the gen
eral difficulty in the formation of human ideas, inherent in the distinc
tion between subject and object." Similar and increasingly more confi
dent remarks continued to characterize Bohr's later discussions of com
plementarity. Thus in his essay Quantum PAydey and PAdoiopAy 
(1958), the lead essay in the second collection of Bohr's essays under 
the title E S S A Y S  1958-1962 O N  A T O M IC  P H Y S IC S  A ND H U M A N  K N O W L 

E D G E ,^  Bohr concluded, "It is significant that. . .  in other fields of knowl
edge, we are confronted with situations reminding us of the situation in 
quantum physics. Thus, the integrity of living organisms, and the char
acteristics of conscious individuals and human cultures present features 
of wholeness, the account of which implies a typical complementarity 
mode of description . . . .  fTe are wot dealing witA more or Jen oague 
analogies, Aut witA clear examples o/ logical relations wAicA, in efferent 
context, are met witA in wider /ield^." It will be important for our 
analysis to try to discern clearly what Bohr means in such passages.

Some illumination is provided by a story which Niels Bohr loved 
to tell in order to illustrate and make more understandable the com-
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plementarity point of view. Leon Rosenfeid, a long-term associate of 
Niels Bohr, who has also been concerned with the origins of comple
mentarity, told how seriously Bohr took his task of repeatedly telling 
the story. "Everyone of those who came into closer contact with Bohr 
at the Institute, as soon as he showed himself sufficiently proficient in 
the Danish language, was acquainted with the little book: it was part 
of his initiation."^

The "little book" which Bohr used was a work of the nineteenth- 
century poet and philosopher, Poul Martin Mailer. In that light story, 
THE ADVENTURES OF A DANISH STUDENT, Bohr found what he called 
a "vivid and suggestive account of the interplay between the various 
aspects of our position." A student is trying to explain why he cannot use 
the opportunity for finding a practical job, and reports the difficulties 
he is experiencing with his own thought process:

My endless enquiries make it impossible for me to achieve anything. Further
more, I get to think about my own thoughts of the situation in which I find 
myself. I even think that I think of it, and divide myself into an infinite 
retrogressive sequence of "I"s who consider each other. I do not know at 
which "1" to stop as the actual one, and in the moment I stop at one, there is 
indeed again an "1" which stops at it. I become confused and feel a dizziness, 
as if I were looking down into a bottomless abyss, and my ponderings result 
finally in a terrible headache.

Further, the student remarks:

The mind cannot proceed without moving along a certain line; but before 
following this line, it must already have thought it. Therefore one has already 
thought every thought before one thinks it. Thus every thought, which seems 
the work of a minute, presupposes an eternity. This could almost drive me to 
madness. How could then any thought arise, since it must have existed be
fore it is produced? . . . The insight into the impossibility of thinking contains 
itself an impossibility, the recognition of which again implies an inexplicable 
contradiction.̂ *

Bohr used the situation in the story not as a distant, vague analogy; 
rather, it is one of those cases which, "in different contexts, are met 
with in wider fields." Moreover, the story seems appropriate for two 
other reasons. Bohr reports that conditions of analysis and synthesis of 
psychological experiences "have always been an important problem in 
philosophy. It is evident that words like thoughts and sentiments, re-
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ferring to mutually exclusive experiences, have been used in a typical 
complementary manner since the very origin of language.''^* Also, the 
humane setting of the Danish story, and the fact that it renders a situa
tion in words rather than scientific symbols, should not mislead us into 
thinking that it is thereby qualitatively different from the information 
supplied in scientific discourse. On the contrary: Bohr said, in defending 
the complementarity principle, "The aim of our argumentation is to 
emphasize that all experience, whether in science, philosophy, or art, 
which may be helpful to mankind, must be capable of being com
municated by human means of expression, and it is on this basis that we 
shall approach the question of unity of knowledge."^ We shall come 
back to this important statement presently.

Now one must confess that it is on first encounter curious, and at 
least for a professional physicist perhaps a little shocking, to find that 
the father of the complementarity principle, in these passages and others, 
should frequently have gone so far afield, by the standards of the sci
entific profession, in illustrating and extending what he took to be the 
full power of the complementarity point of view. In looking for the 
roots of the complementarity principle, we might grant more readily the 
three avenues shown so far, namely through the history of the concept 
of light, the operational definition of light behavior, and through Bohr's 
own work in physics. But in pursuing this new avenue, we seem to be 
leaving science entirely.

I imagine that many of Bohr's students and associates listened to 
his remarks with polite tolerance, perhaps agreeing that there might 
be a certain pedagogic benefit, but not a key to the "unity of knowl
edge." To the typical scientist, the student in Moller's story who be
comes dizzy when he tries to think about his own thoughts, because 
precise "thought" and "thought thought" are complementary
with respect to each other and so mutually exclusive at the same time, 
would seem somehow to have a problem different from that of the ex
perimenter who cannot simultaneously show both the wave character
istics and the particle characteristics of a light beam. Similarly, the 
intrusion of the student as introspective observer upon his own thought 
processes seems to have after all only a thin connection with the intru
sion of the macroscopic laboratory upon the submicroscopic quantum 
events being studied.

It was therefore surprising and revealing when it was found re-
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cent!y, almost by accident, that one of the roots of the modem com
plementarity point of view in Nieis Bohr's own experience was prob- 
abiy just this wider, more humanistic context shown in the previous 
quotations. The discovery I speak of came about in a dramatic way. 
A few years ago, the American Physical Society and the American 
Philosophical Society engaged in a joint project to assemble the sources 
for the scholarly study of the history of quantum mechanics. This pro
ject, under the general directorship of Thomas S. Kuhn, spanned a num
ber of years, and one of its functions was to obtain interviews with 
major figures on the origins of their contributions to quantum physics. 
An appointment for a number of interviews was granted by Niels Bohr, 
and the fifth interview was conducted on November 17, 1962, by Kuhn 
and Aage Petersen. In the course of the interview, Petersen, who was 
Niels Bohr's long-time assistant, raised the question of the relevance 
of the study of philosophy in Bohr's early thoughts. The following inter
change occurred, according to the transcript:

AaP: How did you look upon the history of philosophy? What kind of con
tributions did you think people like Spinoza, Hume, and Kant had 
made?

NB: That is difficult to answer, but I felt that these various questions were
treated in an irrelevant manner [in my studies].

AaP: Also Berkeley?
NB: No, I knew what views Berkeley had. I had seen a little in Holding's

writings, but it was not what one wanted.
TSK: Did you read the works of any of these philosophers?
NB: I read some, but that was an interest by [and here Bohr suddenly

stopped and exclaimed]—oh, the whole thing is coming [back to me]! 
I was a close friend of Rubin [ a fellow student, later psychologist], and, 
therefore, I read actually the work of William James. William James is 
really wonderful in the way he makes it clear—I think I read the book, 
or a paragraph, called . . . No, what is that called? it is called "The 
Stream of Thoughts," where he in a most clear manner shows that it 
is quite impossible to analyze things in terms of—I don't know what 
to call it, not atoms, I mean simply, if you have some things . . . 
they are so connected that if you try to separate them from each other, 
it just has nothing to do with the actual situation. I think that we shall 
really go into these things, and I know something about William James. 
That is coming first up now. And that was because I spoke to people
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about other things, and then Rubin advised me to read something of 
Wiiiiam James, and I thought he was most wonderful.

TSK: When was this that you read William James?
NB: That may be a little later, I don't know. I got so much to do, and it

may be at the time I was working with surface tension [1905], or it 
may be just a little later. I don't know.

TSK: But it would be before Manchester [1912]?
NB: Oh yes, it was many years before.2?

Niels Bohr clearly was interested in pursuing this further—"we shall 
really go into these things." But alas, the next day Bohr suddenly died.

There are enough leads to permit plausible speculations on this 
subject. K. T. Meyer-Abich reports in his interesting book, K o R R E -

S F O N D E N Z , IN D IV ID U A H T A T  U N D  K o M P L E M E N T A R IT A T  (Wiesbaden,
1965) that among German scientists it was remembered that Bohr used 
to cite William James and only a few other western philosophers. More
over, Niels Bohr himself, in an article in 1929^ makes lengthy excursions 
into psychology in order to use analogies that, in Meyer-Abich's opinion, 
could well refer directly to William James's chapter on the "Stream of 
Thought" in James's book, T H E  P R IN C IP L E S  O F P S Y C H O L O G Y  (1890). 
On the other hand, doubts have been raised about the timing. Leon Ros- 
enfeld ŝ has expressed his strong belief that the work of William James 
was not known to Niels Bohr until about 1932. He recalls that in or about 
1932, Bohr showed Rosenfeld a copy of James's P R IN C IP L E S  O F  P H Y -  

C H O L O G Y . Rosenfeld believes that a few days earlier Bohr had had a 
conversation with Rubin, the psychologist and Bohr's former fellow 
student. Rubin may have sent the book to Bohr after their conversation. 
Bohr showed excited interest in the book, and especially pointed out to 
Rosenfeld the passages on the "stream of consciousness." During the next 
few days, Bohr shared the same excitement with several visitors, and 
Rosenfeld retained the definite impression that this was Bohr's first 
acquaintance with William James's work. In Rosenfeld's opinion, more 
relevant than speculation concerning an early influence of James was a 
remark made by Bohr: after discussing his "early philosophical medita
tions and his pioneering work of 1912-1913, he told me [Rosenfeld] in 
an unusually solemn tone of voice, 'and you must not forget that I was 
quite alone in working out these ideas, and had no help from any
body.' "3°

In view of remarkable analogies or similarities between the ideas of
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James and of Bohr, to be shown below, one can choose either to believe, 
with Meyer-Abich and Jammer, that Bohr had read James eariy enough 
to be directly influenced, or to believe with Rosenfeld that Bohr had 
independently arrived at the analogous thoughts (perhaps brought to 
them by other forces such as those we have already cited, or additional 
ones such as contemplation of the concepts of multiform function and 
Riemann surfaces) .3* In some ways the second alternative is the more 
interesting though difficult one, for it hints that here may be a place to 
attack the haunting old question why and by what mechanisms the same 
themata attain prominence in different fields in nearly the same periods. 
Still, no matter which view one chooses to take at this time, reading W il

liam James's chapter "Stream of Thought" in the light of Bohr's remark 
in the interview of November 1962 comes as a surprise to a physicist 
familiar with Bohr's contributions to atomic physics.^

James first insists that thought can exist only in association with a spe
cific "owner" of the thought. Thought and thinker, subject and object, 
are tightly coupled. The objectivization of thought itself is impossible. 
Hence one must not neglect the circumstances under which thought be
comes the subject of contemplation. "Our mental reaction to every given 
thing is really a resultant of our experience in the whole world up to that 
date. From one year to another we see things in new lights . . . .  The 
young girls that brought an aura of infinity—at present hardly distin
guishable existences; the pictures—so empty; and as for the books, what 
was there to find so mysteriously significant in Goethe?" One can here 
imagine the sympathetic response of Bohr, who wrote, "for objective de
scription and harmonious comprehension it is necessary in almost every 
held of knowledge to pay attention to the circumstances under which 
evidence is obtained."

There is another sense in which consciousness cannot be concretized 
and atomized. James writes, "Consciousness does not appear to itself 
chopped up in bits; it flows. Let us call it the stream of thought, of con
sciousness, or of subjective life." Yet there does exist a discontinuous 
aspect: the "changes, from one moment to another, in the quality of the 
consciousness." If we use the vocabulary of quantum theory, James here 
proposes a sequence of individual changes between stationary states, 
with short periods of rest in these states—a metaphor that brings to mind 
Bohr's notion of 1912-1913 of the behavior of the electron in the hydro
gen atom. To quote James, "Like a bird's life, [thought] seems to be made

123



ON THE THEMATIC ANALYSIS OF SCIENCE

of an alternation of flights and perchings. The rhythm of language ex
presses this, where every thought is expressed in a sentence and every 
sentence closed by a period. . . . Let us call the resting places the 'sub
stantive parts,' and the places of Right the 'transitive parts,' of the stream 
of thought."

But here enters a difficulty; in fact, the same one that plagued the 
student in Moller's story. The difficulty is, in James's words, "introspec- 
tively, to see the transitive parts for what they really are. If they are but 
Rights to conclusions, stopping them to look at them before a conclusion 
is reached is really annihilating them." However, if one waits until one's 
consciousness is again in a stationary state, then the moment is over. 
James says, "Let anyone try to cut a thought across in the middle and 
get a look at its section, and he will see how difficult the introspective 
observation of the transitive tract is . . . .  Or if our purpose is nimble 
enough and we do arrest it, it ceases forthwith to be itself . . . The at
tempt at introspective analysis in these cases is in fact like . . . trying to 
turn up the light quickly enough to see how the darkness looks." Letting 
thoughts Row, and making thoughts the subject of introspective analysis 
are, as it were, two mutually exclusive experimental situations.

It is from such a vantage point that one may attempt to interpret 
some of the novel features of Bohr's 1927 paper on complementarity to 
have been inRuenced either by a reading of James, or by thinking inde
pendently on parallel lines—and thereby understand better the Rnal pas
sage in Bohr's paper: "I hope, however, that the idea of complementar
ity is suited to characterize the situation, which bears a deep-going 
analogy to the general difficulty in the formation of human ideas, in
herent in the distinction between subject and object."^

At this point, one might well ask where the term "complementarity" 
itself, which Bohr introduced into physics in 1927, may have come from. 
There are a number of Helds from which the term may have been adap
ted, including geometry or topology. But both Meyer-Abich and Jammer 
point to a more provocative possibility, namely the chapter on Refa- 

o /  M f n d i  t o  OfAer in William James's P R IN C IP L E S  o r

P S Y C H O L O G Y  (1890), just one chapter prior to that on TAe o/
TAoiigAb In the subsection " 'Unconsciousness' in Hysterics," James re
lates cases of hysterical anaesthesia (loss of the natural perception of 
sight, hearing, touch, and so on), and notes that P. Janet and A. Binet 
"have shown that during the times of anaesthesia, and coexisting with it,
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yenyiAility to tAe awaeytAetic party h aho tAere, in tAe /orm o/ a yecondary 
conyciouyneM entirely cut off from the primary or normal one, but sus
ceptible of being tapped and made to testify to its existence in various 
odd ways."3*

The chief method for tapping was Janet's method of "distraction." If 
Janet put himself behind hysteric patients who were "plunged in conver
sation with a third party, and addressed them in a whisper telling them 
to raise their hand or perform other simple acts [including writing out 
answers to whispered questions] they would obey the order given, al
though their falling intelligence was quite unconscious of receiving it."^ 
If interrogated in this way, hysterics responded perfectly normally when, 
for example, their sensibility to touch was examined on areas of skin that 
had been shown previously to be entirely anaesthetic when examined 
through their primary consciousness.

In addition, some hysterics could deal with certain sensations only 
in either one consciousness or the other, but not in both at the same time. 
Here James cites a famous experiment in a striking passage:

M. Janet has proved this beautifully in his subject Lucie. The following ex
periment will serve as the type of the rest: In her trance he covered her lap 
with cards, each bearing a number. He then told her that on waking she should 
not roc any card whose number was a multiple of three. This is the ordinary 
so-called "post-hypnotic suggestion," now well known, and for which Lucie 
was a well-adapted subject. Accordingly, when she was awakened and asked 
about the papers on her lap, she counted and said she saw those only whose 
number was not a multiple of 3. To the 12, 18, 9 etc., she was blind. But 
the Aand, when the sub-conscious self was interrogated by the usual method 
of engrossing the upper self in another conversation, wrote that the only cards 
in Lucie's lap were those numbered 12, 18, 9, etc., and on being asked to 
pick up all the cards which were there, picked up these and let the others 
lie. Similarly when the sight of certain things was suggested to the sub
conscious Lucie, the normal Lucie suddenly became partially or totally blind. 
"What is the matter? I can't see!" the normal personage suddenly cried out 
in the midst of her conversation, when M. Janet whispered to the secondary 
personage to make use of her eyes.33

James gives these and other examples to support a conclusion in which 
he defines the concept of complementarity in psychological research:

It must be admitted, therefore, that in certain ^crroni, at least, tAe total pot- 
riAie con.!cioM.tne.M way Ac ypiit into party toAicA coexist Aut mutually ignore
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car A oiAer, and share the objects of knowledge between them. More remark
able still, they are complementary. Give an object to one of the conscious
nesses, and by that fact you remove it from the other or others. Barring a cer
tain common fund of information, like the command of language, etc., what 
the upper self knows the under self is ignorant of, and pice oerra.s?

The analogy with Bohr's concept of complementarity in physics is strik
ing, quite apart from the question of the genetic connection between 
these two uses of the same word.

CArittian BoAr and AfaraM Hoofing

Bohr's affinity for ideas analogous to those of William James was pre
ceded by a philosophical and personal preparation that goes back to his 
childhood. In his essay, GA'mpicr <?/ JVtcfr BoAr ay a <S*ctcntMl antf 
TAtnAcr, Oskar Klein, one of Bohr's earliest collaborators, provides a 
revealing picture of the young man.

Niels Bohr himself and his brother Harald, a brilliant mathematician, liked to 
give examples of the innocently credulous—and at the same time resolute— 
way in which as a child he accepted what he saw and heard. They also spoke 
of geometrical intuition he developed so early . . . .  The first feature appeared 
for instance in believing literally what he learned from the lessons on religion 
at school. For a long time this made the sensitive boy unhappy on account 
of his parents' lack of faith. When later, as a young man, he began to doubt, 
he did so also with unusual resolution and thereby developed a deep philo
sophical bent similar to that which seems to have characterized the early 
Greek natural philosophers.̂ ^

Christian Bohr, Niels Bohr's father, was professor of physiology at the 
University of Copenhagen. His work involved him in one of the impor
tant philosophical debates of the last part of the nineteenth century, the 
differences between and relative merits of the "vitalistic" theories and the 
mechanistic conceptions of life processes. In several ways, Christian 
Bohr's interests shaped his son's ideas and preoccupations. We know that 
as a youth, Niels Bohr was allowed to work in the laboratory of his father, 
and to meet the scholars interested in philosophy with whom Christian 
Bohr kept close contact, such as Harald Hoff ding, professor of philosophy 
at the University of Copenhagen. Hoff ding often visited the Bohr house
hold, and Niels Bohr attested to the profound influence he received from 
early childhood by being permitted to stay and listen during meetings of
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an informal club made up of his father, Hoff ding, the physicist Christian 
Christiansen, and the philologist Hans Thomsen. Hoffding, in turn, de
scribed Christian Bohr as a scientist who recognized "strict application of 
physical and chemical methods of physiology" in the laboratory, but who, 
outside the laboratory, "was a keen worshipper of Goethe. When he 
spoke of practical situations or of views of life, he liked to do so in the 
form of paradoxes."""

We may understand the implications of this description best through 
Oskar Klein, who remembers a characterization which Niels Bohr gave 
him: "He mentioned his father's idea that teleology, when we want to de
scribe the behavior of living beings, may be a point of view on a par with 
that of causality. The idea was later to play an essential role in Bohr's 
attempt to throw light on the relation between the biologist's and the 
physicist's way of describing nature."*"

Niels Bohr entered the university in 1903, and soon took Hoff ding's 
course in the history of philosophy and logic. He also belonged to a stu
dent's club in which the questions raised in Hoffding's lectures on phi
losophy were discussed. (Another member was Rubin.) While Bohr, as 
indicated in his last interview, felt no great attraction to philosoph
ical systems (such as those of "Spinoza, Hume, and Kant"), there is little 
doubt about the lasting impression Hoffding made on Bohr—perhaps 
most of all because of Hoffding's active interest in the applicability to 
philosophy of the work of what he called JValMr/or-
scAer, from Copernicus to Newton and from Maxwell to Mach. For ex
ample, the latter two are discussed at some length in Hoffding's 
M o D E R N E  P H iL O S O P H E N  which appeared in 1904 in Danish (1905 in 
German) as successor to his monumental H IS T O R Y  O F  M O D E R N  P H I 

L O S O P H Y .

There also appears to have been a personal sympathy between the 
older and the younger man. While still Hoffding's student, Bohr pointed 
out some error in Hoffding's exposition, and Hoffding, in turn, allowed 
Bohr to help him correct proofs of the offending passage. A warm friend
ship developed eventually that was freely acknowledged on both sides, as 
indicated, for example, by Niels Bohr's acknowledgment of Harald Hoff
ding's influence on him, on the occasion of Hoffding's eighty-fifth birth
day,** and conversely in letters of Hoffding to Emile Myerson in 1926 
and 1928.*̂  The first of these letters, incidentally, is dated December 30, 
1926, shortly before Bohr's vacation trip to Norway in early 1927 during
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which, according to Heisenberg and others, Bohr's ideas on comple
mentarity were developed in the form he announced later in 1927. 
Another letter was written half a year after the presentation of the 
complementarity principle at Como. In it, Hoffding writes to Meyerson 
(March 13, 1928): "Bohr declares that he has found in my books ideas 
which have helped the scientists in the 'understanding* of their work, 
and thereby they have been of real help. This is great satisfaction for me, 
who feels so often the insufhcience of my special preparation with re
spect to the natural sciences."*̂

Among all the philosophers and scientists discussed by Hoffding, it is 
unlikely that any interested student of Hoffding's will have failed to en
counter some aspects of William James's work. An admirer, like James, of 
G. T. Fechner (the father of psychophysics), Hoffding devoted his first 
book to psychology (Danish edition, 1882). At about the time Bohr 
took his philosophy course, Hoff ding used the occasion of the St. Louis 
meeting of 1904 to visit James in the United States. James, in turn, sup
plied an appreciative preface for the English translation (of 1905) of 
Hoffding's P R O B L E M S  O F  P H IL O S O P H Y — a book which Hoff ding reported 
later to have originated in his university lectures in 1902.** And in the 
same year of Hoffding's visit to James, Hoff ding expressed in his 
M o D E R N E  P H iL O S O P H E N  his admiration for James's work, to whom the 
concluding chapter is devoted, with such comments as "James belongs to 
the most outstanding contemporary thinkers . . . .  The most important of 
his writings is T H E  P R IN C IP L E S  O F  P S Y C H O L O G Y ."

In Hoffding's own life, a crucial and early influence was the work 
of Kierkegaard, as he freely confessed.*̂  Hoffding reported that in a 
youthful crisis, in which he was near "despair," he had found solace and 
new strength through Kierkegaard's writings, and he mentions particu
larly Kierkegaard's work now known as ST A G E S O N  L i F E 's  W A Y . Hoff
ding became known as one of the prominent exponents and followers of 
Kierkegaard; indeed, the second major work Hoffding published was the 
book, K IE R K E G A A R D  ALS P lI IL O S O P H .* "

Whether Niels Bohr caught some of his own interest in Kierkegaard 
while a student of Hoffding is not known, but the fact of this early in
terest is well documented. Thus it is remembered that in 1909 Niels
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sent his brother Harald as a birthday gift Kierkegaard's book, STAGES 
O N  L i F E 's  W A Y , with a letter saying, "It is the only thing I have to send; 
but I do not believe that it would be very easy to find anything better. In 
any case I have had very much pleasure in reading it, I even think that 
it is one of the most delightful things I have ever read."'" Then he added 
that he did not fully agree with all of Kierkegaard's views. One can well 
imagine that Niels Bohr could enjoy the aesthetic experience and the 
moral passion, without having to agree also with the antiscientific at
titude of much of the work.

Bohr's remarks about Kierkegaard bring us to the last of the various 
possible avenues that prepared for the complementarity notion. While 
this is not the proper place for a searching examination of those ele
ments in Kierkegaard's works for which analogous elements have been 
noted in Bohr's work/" it will be of interest to remind ourselves of one 
or two chief features that characterized the writing of both Kierkegaard 
and his chief interpreter in Denmark, Hoff ding.

Kierkegaard's existentialism was rooted in German Romanticism, up
holding the individual and the momentary life situation in which he 
finds himself against the rationality and objective abstraction cham
pioned by eighteenth-century Enlightenment. The denial of the subjec
tive, Kierkegaard argued, leads to self-contradictions, for even the most 
abstract proposition remains the creation of human beings. In a reaction 
to Hegel and to some aspects of Kant, Kierkegaard wrote about science 
in his journal: "Let it deal with plants and animals and stars, but to deal 
with the human spirit in that way is blasphemy, which only weakens 
ethical and religious passions." Truth cannot be found without incor
porating the subjective, particularly in the essentially irrational, discon
tinuous stages of recognitions leading to the achievement of insight. As 
John Passmore writes, "each major step on the way to truth is a free de
cision. Our progress, according to Kierkegaard, from the aesthetic to the 
scientific point of view, and then again from the scientific to the ethical 
and from the ethical to the religious, cannot be rationalized into an 
orderly, formally justifiable, step from premise to conclusions: It is in 
each case a leap to a quite new way of looking at things.""

What is perhaps of greatest interest to us is the accentuation of the 
role of discontinuity in Kierkegaard's work. Here we can do no better 
than cite at some length the section on Kierkegaard in Hoff ding's own 
chief work, A H IS T O R Y  O F  M O D E R N  P H IL O S O P H Y :
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[Kierkegaard's] leading idea was that the different possible conceptions of life 
are so sharpiy opposed to one another that we must make a choice between 
them, hence his catchword chAcr—or; moreover, it must be a choice which 
each particular person must make for himseif, hence his second catchword, 
tAe t'nJtM'dMal. He himseif designated his thought "qualitative dialectic," by 
which he meant to bring out its opposition to the doctrine taught by Romantic 
speculation of continuous development by means of necessary inner transi
tions. Kierkegaard regarded this doctrine as pure fantasticalness—a fantastical
ness, to be sure, to which he himseif had feit attracted. "̂

What is essentia! for us to notice is that a main feature of Kierke
gaard's "qualitative dialectic" is an acceptance of thesis and antithesis, 
ZMfAoMf proceeding to another stage at which the tension is resolved in 
a synthesis. Thus he draws a line between thought and reality which 
must not be allowed to disappear. Hoff ding writes: "Even if thought 
should attain coherency it does not therefore follow that this coherency 
can be preserved in the practice of life. . . . Such great differences and 
oppositions exist side by side that there is no thought which can em
brace them all in a 'higher unity.' "Kierkegaard came more and more 
to regard the capability of embracing great contrasts and of enduring 
the suffering which this involves as the criterion of the sublimity and 
value of a conception of life."'^

Kierkegaard's stress on discontinuity between incompatibles, on the 
"leap" rather than the gradual transition, on the inclusion of the in
dividual, and on inherent dichotomy was as "nonclassical" in philosophy 
as the elements of the Copenhagen doctrine—quantum jumps, prob
abilistic causality, observer-dependent description, and duality-—were 
to be in physics.

Now it would be as absurd as it is unnecessary to try to demonstrate 
that Kierkegaard's conceptions were directly and in detail translated by 
Bohr from their theological and philosophical context to a physical con
text. Of course, they were not. All one should do is permit oneself the 
open-minded experience of reading Hoffding and Kierkegaard through 
the eyes of a person who is primarily a physicist—struggling, as Bohr 
was, first with his 1912-1913 work on atomic models, and again in 1927, 
to "discover a certain coherence in the new ideas" while pondering the 
conflicting, paradoxical, unresolvable demands of classical physics and 
quantum physics which were the near-despair of most physicists of the 
time. It is in this frame of mind that one can best appreciate, for ex-
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ample, Holding's discussion of Kierkegaard's indeterministic notion of 
the "leap":

In Kierkegaard's ethics the qualitative dialectic appears partly in his concep
tion of choice, of the decision of the will, partly in his doctrine of stages. 
He emphatically denies that there is any analogy between spiritual and organic 
development. No gradual development takes place within the spiritual sphere, 
such as might explain the transition from deliberation to decision, or from 
one conception of life (or "stadium") to another. Continuity would be broken 
in every such transition. As regards the choice, psychology is only able to 
point out possibilities and approximations, motives and preparations. The 
choice itself comes with a jerk, with a leap, in which something quite new (a 
new quality) is posited. Only in the world of possibilities is there continuity; 
in the world of reality decision always comes through a breach of continuity. 
But, it might be asked, cannot this jerk or this leap itself be made an object 
of psychological observation? Kierkegaard's answer is not clear. He explains 
that the leap takes place between two moments, between two states, one of 
which is the last state in the world of possibilities, the other the first state in 
the world of reality. It would almost seem to follow from this that the leap 
itself cannot be observed. But then it would also follow that it takes place 
unconsciously—and the possibility of the unconscious continuity underlying 
conscious antithesis is not excluded.^

It is at this point that the writings of Hoff ding and Kierkegaard most 
evidently overlap with the teachings of William James. In fact, there 
are two specific periods where the overlapping conceptions of Kierke
gaard, Hoffding, and James can plausibly have been influential for 
Bohr in the sense of providing sympathetic preparation or support: one 
came in Bohr's work during the early period, from 1912 through the 
correspondence point of view (that is, in the analogy between Bohr's 
nonclassical transitions of the electron between stationary states on one 
hand, and Kierkegaard's "leaps" or James's transient flights and "transi
tive parts" on the other hand). The other came in the period from about 
1926, when Bohr's complementarity point of view was being developed; 
and here we have already pointed to possible sources or antecedents for 
Bohr's analogies in passages such as the conclusion of his September 
1927 address ("the idea of complementarity is suited to characterize the 
situation, which bears a profound analogy to the general difficulty in 
the formation of human ideas, inherent in the distinction between sub
ject and object"), as well as passages in a paper of 1929 ("Strictly speak
ing, the conscious analysis of any concept stands in a relation of exclusion
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to its immediate application"; "The necessity of taking recourse to a 
complementary, or reciprocal mode of description is perhaps familiar 
to us from psychological problems"; "In particular, the apparent con
trast between the continuous onward flow of associative thinking and the 
preservation of the unity of the personality exhibits a suggestive analogy 
with the relation between the wave description of the motions of material 
particles, governed by the superposition principle, and their indestruc
tible individuality")

One characteristic trait of Bohr should not be overlooked in this 
discussion, for without it the necessary predisposition for reaching the 
complementarity point of view would have been missing. I refer to Bohr's 
well-known dialectic style of thinking and of working. One of those who 
worked with him longest, Leon Rosenfeld, attests that Bohr's "turn of 
mind was essentially dialectical, rather than reflective. . . . He needed 
the stimulus of some form of dialogue to start off his thinking.""" 
Rosenfeld also records a well-known dictum of Bohr: "Every sentence 
I say must be understood not as an affirmation, but as a question." 
Bohr's habit of work was frequently to develop a paper during dictation, 
walking up and down the room and arguing both with himself and a 

fellow physicist whom he had persuaded to be his sounding-board, 
transcriber, and critic—and whom he was likely to leave in an exhausted 
state at the end. As Einstein, Heisenberg, Schrodinger, and many others 
had to experience, it seemed as if Bohr looked for and fastened with 
greatest energy on a contradiction, heating it to its utmost before he 
could crystallize the pure metal out of the dispute. Bohr's method of 
argument shared with the complementarity principle itself the ability to 
exploit the clash between antithetical positions. We have given earlier 
only the first line of a couplet from Schiller, reported to have been one of 
Bohr's favorite sayings: after the line "Only fullness leads to clarity" 
there follows "And truth lies in the abyss":

IVMr die F%Hg /if Art zHr FYarAed,

C/nd AAgrMwd woAnt dig IfaArAeft.

Of Niels Bohr stories there are legions, but none more illuminating 
than that told by his son Hans concerning the fundamentally dialectic 
definition of truth. Hans reports that one of the favorite maxims of his 
father was the distinction between two sorts of truth: trivialities, where 
opposites are obviously absurd, and profound truths, recognized by the
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fact that the opposite is also a profound truth."" Along the same line, 
there has been a persistent story that Bohr had been impressed by an 
example or analogue for the complementarity concept in the mutually 
exclusive demands of justice and of love. Jerome S. Bruner has kindly 
given me a first-hand report of a conversation on this point that took 
place when he happened to meet Niels Bohr in 1943 or early 1944 for 
the first time. "The talk turned entirely on the complementarity between 
affect and thought, and between perception and reflection. [Bohr] told 
me that he had become aware of the psychological depths of the 
concept of complementarity when one of his children had done some
thing inexcusable for which he found himself incapable of appropriate 
punishment: 'You cannot know somebody at the same time in the light 
of love and in the light of justice!' I think that those were almost 
exactly the words he used. He also . . . talked about the manner in 
which introspection as an act dispelled the very emotion that one strove 
to describe.""^

Beyond PAyjfcj

We can now ask: what was Bohr's real ambition for the comple
mentarity conception? It certainly went far beyond dealing with the 
paradoxes in the physics of the 1920's. Not only were some of the roots 
of the complementarity principle outside physics, but so also was its 
intended range of application. Let me remind you of Bohr's statement: 
"The integrity of living organisms and the characteristics of conscious 
individuals and human cultures present features of wholeness, the ac
count of which implies a typically complementary mode of description 
. . . .  We are not dealing with more or less vague analogies, but with 
clear examples of logical relations which, in different contexts, are met 
with in wider fields.""" The complementarity principle is a manifesta
tion of a thema in a sense which I have previously developed""—one 
thema in the relatively small pool of themata from which the imagina
tion draws for all fields of endeavor. When we devote attention to a 
particular thema in physics or some other science, whether it be comple
mentarity, or atomism, or continuity, we must not forget that each 
special statement of the thema is an aspect of a general conception 
which, in the work of a physicist or biologist or other scientist, is 
exemplified merely in a specific form. Thus a general thema, <9, would 
take on a specific form in physics that might be symbolized by 0̂ , in
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psychological investigation by 0^, in folklore by 0 ,̂ and so on. The gen
eral thema of discontinuity or discreteness thus appears in physics as the 
0 , of atomism, whereas in psychological studies it appears as the thema 
0  ̂ of individualized identity. One may express a given 0 as the sum of 
its specific exemplifications, as symbolized (without straining for pre
cision ) by the expression:

n = ( d

0 =  E
n = a

From this point of view we realize that Bohr's proposal of the com
plementarity principle was nothing less than an attempt to make it the 
cornerstone of a new epistemology. When "in general philosophical 
perspective . . .  we are confronted with situations reminding us of the 
situation in quantum physics,"" it is not that those situations are in 
some way pale reflections or "vague analogies" of a principle that is 
basic only in quantum physics; rather, the situation in quantum physics 
is only one reflection of an all-pervasive principle. Whatever the most 
prominent factors were which contributed to Bohr's formulation of the 
complementarity point of view in physics—whether his physical research 
or thoughts on psychology, or reading in philosophical problems, or 
controversy between rival schools in biology, or the complementary 
demands of love and justice in everyday dealings—it was the Mm'&eMa? 
significance of the role of complementarity which Bohr came to empha
size.

Moreover, this universality explains how it was possible for Bohr 
to gain insight for his work in physics from considerations of comple
mentary situations in other fields. For as Leon Rosenfeld accurately 
remarks, "As his insight into the role of complementarity in physics 
deepened in the course of these creative years, he was able to point 
to situations in psychology and biology that also present complementary 
aspects; and the considerations of such analogies in epistemological 
respect in its turn threw light on the unfamiliar physical problems."" 
"Bohr devoted a considerable amount of hard work to exploring the 
possibilities of application of complementarity to other domains of 
knowledge; he attached no less importance to this task than to his 
purely physical investigations, and he derived no less satisfaction from 
its accomplishment.""

During the last thirty years of his life, Bohr took many opportunities
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to consider the application of the complementarity concept in fields 
outside of physics. Rosenfeld reports that the first important opportunity 
of this kind offered itself when Bohr was invited to address a biological 
congress in Copenhagen in 1932.^ Starting from the idea of comple
mentarity as used for understanding the dual aspects of light, Bohr 
then proceeded to point to the application of complementarity relations 
in biology. Rosenfeld's account of the talk is worth citing in detail:

This had a special appeal to him: he had been deeply impressed by his father's 
views on the subject, and he was visibly happy at being now able to take them 
up and give them a more adequate formulation. [His father], in the work of 
the reaction against mechanistic materialism at the beginning of the century, 
had put up a vigorous advocacy of the teleological point of view in the study 
of physiology: without the previous knowledge of the function of an organ, 
he argued, there is no hope of unravelling its structure or the physiological 
processes of which it is the seat. At the same time, he stressed, with all the 
authority of a life devoted to the analysis of the physical and chemical aspects 
of such processes, the equally imperious necessity of pushing this analysis to 
the extreme limit which the technical means of investigation would permit 
us to reach ... .

Such reflections came as near as one would expect at the time to estab
lishing a relation of complementarity between the physico-chemical side of 
the vital processes, governed by the kind of causality we are accustomed to 
herald as the truly scientific one, and the properly functional aspect of these 
processes, dominated by teleological or finalistic causality. In the past, the 
two points of view, under varying forms, have always been put in sharp op
position to each other, the general opinion being that one of them had to 
prevail to the exclusion of the other, that there was no room for both in the 
science of life. Niels Bohr could now point out that this last belief was only 
the result of a conception of logic which the physicists had recognized as too 
narrow, and that the wider frame of complementarity seemed particularly 
well-suited to accommodate the two standpoints, and make it possible with
out any contradiction to take advantage of both of them, quite in the spirit 
of his father's ideas. Thus, an age-long sterile conflict would be eliminated and 
replaced by a full utilization of all the resources of scientific analysis.

One need not be tempted into imagining Bohr in a Hamletlike 
striving to establish his father's ideas; but one also need not remain 
untouched by the closing of the circle. For surely one of the paths 
leading to complementarity had opened while Niels Bohr was in his 
father's laboratory and shop club.

135



In the years following the Congress of 1932 Bohr took his point of 
view before an even wider audience; in addition to his written and 
spoken contributions before physical scientists, he presented himself at 
such meetings as the Second International Congress for the Unity of 
Science in Copenhagen (June 1936) in a discussion on "Causality and 
Complementarity"; the International Congress for Physics and Biology 
(October 1937) on "Biology and Atomic Physics"; the International 
Congress for Anthropology and Ethnology in Copenhagen (1938) on 
"Natural Philosophy and Human Cultures"; and on many later occa
sions of a similar sort.""

In each of these lectures Bohr provided a new set of illustrations of 
the common theme. Thus in his address before the anthropologists in 
1938, on the eve of World War II, Bohr stressed complementary features 
of human societies. He also returned to the problem posed by the student 
(iicgntiatg) in Muller's story. As Rosenfeld writes:

He could now look back at the duality of aspects of psychical experience 
with all the mastery he had acquired over the nature of complementarity 
relations, and point out that this duality corresponded to different ways of 
drawing a separation between the psychical process which was chosen as 
the object of observation and the observing subject: drawing such a separa
tion is precisely what we mean when we speak of fixing our attention on a 
definite aspect of the process; according as we draw the line, we may ex
perience an emotion as part of our subjective feeling, or analyze it as part of 
the observed process. The realization that these two situations are com
plementary solves the riddle of the licentiate's egos observing each other, and 
is in fact the only salvation from his qualms.""

Speaking before the Congress of the Fondation Europeenne de la 
Culture in Copenhagen on October 21, 1960, in an address entitled 
"The Unity of Human Knowledge," Bohr returned again to the need 
to search, within the great diversity of cultural developments, "for those 
features in all civilizations which have their roots in the common human 
situation." He developed these ideas in sociological and political context, 
particularly since he was increasingly more preoccupied with helping to 
"promote mutual understanding between nations with very different 
cultural backgrounds.""? Deeply concerned about the dangers of the 
Cold War, Bohr spent a good part of his later years on political and 
social questions, including work on plans for peaceful uses of nuclear 
energy and for arms control. In these and other articles on this topic,

ON THE THEMATIC ANALYSIS OF SCIENCE

136



THE ROOTS OF COMPLEMENTARITY

one can discern Bohr's dissatisfaction with his own state of understand
ing; the problems posed by national antagonisms did not seem to be fully 
understandable in the same terms that had seemed to him successful 
in physics and psychology. As he confessed at the end of his lecture 
before the Royal Danish Academy of Sciences in 1955, "The fact that 
human cultures, developed under different conditions of living, exhibit 
such contrasts with respect to established traditions and social patterns 
allows one, in a certain sense, to call such cultures complementary. 
However, we are here in no way dealing with definite, mutually exclusive 
features, such as those we meet in the objective description of general 
problems of physics and psychology, but the differences in attitude 
which can be appreciated or ameliorated by an expanded intercourse 
between peoples.""^

Bohr returned to the same theme repeatedly. For example, in the 
essay quoted earlier, 77: <? Hnity o/ TfMman Bohr re
examined the requirement that even the most abstract principles of quan
tum physics, for example, must be capable of being rendered in common- 
sense, classical language. "The aim of our argumentation," Bohr wrote, 
"is to emphasize that all experience, whether in science, philosophy, or 
art, which may be helpful to mankind, must be capable of being com
municated by human means of expression, and it is on this basis that we 
shall approach the question of unity of knowledge.""9

T h e last phrase, used in  the title of the essay, suddenly puts into 

perspective for us tha t Bohr's m anifold and largely successful ambitions 

place him  in the tradition typified by another "philosophizing scientist," 

one who belonged to the generation before Bohr— a m an whom Bohr, 

like m any others, had  read early, and whose views H offding had de

scribed in a sympathetic way in his MoDERNE P m L O S O P H E N  and in 

P R O B L E M S  O F  P H IL O S O P H Y . I t  is Ernst M ach.

Bohr seems to have mapped out for himself the same grand, inter
disciplinary task—in his forceful and innovative influence on physics and 
on epistemology, in his deep interest in the sciences far beyond physics 
itself, even in his active and liberal views on social-political questions. 
And as physicist, physiologist, psychologist, and philosopher, Ernst Mach 
had also wanted to find a principal point of view from which research 
in any field could be more meaningfully pursued. This point of view 
Mach thought to have found by going back to that which is given before 
all scientific research, namely the world of sensations. On this basis,
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Mach had established himself as the patriarch of the Unity of Science 
movement. In his turn, Niels Bohr, starting from the profound reexami
nation of the problem of sensation and particularly of object-subject 
interaction, also hoped he had found (in the complementarity point of 
view) a new platform from which to evaluate and solve the basic prob
lems in a variety of fields, whether in physics, psychology, physiology, 
or philosophy.

Bohr's achievement, from 1927 on, of attaining such a principal point 
of view was not an accidental development. On the contrary, it was the 
fulfillment of an early ambition. A biographer of Bohr records that "as 
a young student, fired with the ideas Hoff ding was opening to him, 
Bohr had dreamed of 'great inter-relationships' between all areas of 
knowledge. He had even considered writing a book on the theory of 
knowledge. . . . But physics had drawn him irresistibly."?" In the end, 
Bohr's attempt to understand the unity of knowledge (a topic on which 
he wrote nearly two dozen papers) on the basis of complementarity 
could be seen as precisely the fulfillment of the desire to discover the 
"great inter-relationships among all areas of knowledge."

Bohr's aim has a grandeur which one must admire. But while his 
point of view is accepted by the large majority in physics itself, it would 
not be accurate to say that it is being widely understood and used in 
other fields; still less has it swept over philosophy the way Mach's views 
did among the generation of scientists brought up before the theory of 
relativity and quantum mechanics. Even those who in their professional 
work in physics have experienced the success of the complementarity 
point of view at first hand And it hard or uncongenial to transfer to 
other areas of thought and action, as a fundamental thematic attitude, 
the habit of accepting basic dualities without straining for their mutual 
dissolution or reduction. Indeed, we tend to be Arst of all reductionists, 
perhaps partly because our early intellectual heroes have been men in the 
tradition of Mach and Freud, rather than Kierkegaard and James.

Perhaps, also, it is just a matter of time—more time needed to 
assimilate a new thema widely enough; to sort out the merely seductive 
and the solid applications; and to learn to perceive the kind of grandeur 
in the scope of the new notion which Robert Oppenheimer delineated:

An understanding of the complementary nature of conscious life and its physi
cal interpretation appears to me a lasting element in human understanding
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and a proper formulation of the historic views called psychophysical paral
lelism.

For within conscious life, and in its relations with the description of 
the physical world, there are again many examples. There is the relation be
tween the cognitive and the affective sides of our lives, between knowledge 
or analysis, and emotion or feeling. There is the relation between the aesthetic 
and the heroic, between feeling and that precursor and definer of action, the 
ethical commitment; there is the classical relation between the analysis of 
one's self, the determination of one's motives and purposes, and that freedom 
of choice, that freedom of decision and action, which are complementary 
to it . . . .

To be touched with awe, or humor, to be moved by beauty, to make a 
commitment or a determination, to understand some truth—these are com
plementary modes of the human spirit. All of them are part of man's spiritual 
life. None can replace the others, and where one is called for, the others are 
in abeyance ... .

The wealth and variety of physics itself, the greater wealth and variety 
of the natural sciences taken as a whole, the more familiar, yet still strange 
and far wider wealth of the life of the human spirit, enriched by comple
mentary, not at once compatible ways, irreducible one to the other, have a 
greater harmony. They are the elements of man's sorrow and his splendor, 
his frailty and his power, his death, his passing, and his undying deeds.
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5 ON THE HESITANT RISE
OF QUANTUM PHYSICS RESEARCH 
IN THE UNITED STATES

SjnjH§T!HEN, and under what circumstances, did original research 
based on a belief in quantum physics begin in the United 

States? The usual answer to this question is that whereas in Europe 
quantum physics had become a fruitful research held by the time of 
the Solvay Conference of 1911,' in America this became the case only 
with A. H. Compton's announcements in 1922 and 1923  ̂of his un
anticipated and reluctant discovery of the effect bearing his name. But 
while that was indeed a turning point for physics everywhere, it was 
not the result of quantum-theory-based research. Moreover, the evi
dence to be presented here is that the successful beginning of that type 
of investigation occurred years earlier, long before American physi
cists were ready for it according to the traditional view. Our study will 
also contrast the two main types of responses in the United States to 
the new physics during the second decade of this century, with special 
attention to the underlying thematic differences. It will use as exem
plars the contributions of Edwin C. Kemble and Robert A. Millikan. 
Kemble, who had been a student of D. C. Miller at Case School of 
Applied Sciences, was an isolated beginner in his twenties, but eager to 
accept quantum ideas as the starting point of his theoretical re-

147



ON THE THEMATIC ANALYSIS OF SCIENCE

searches—and a harbinger of the new group of self-confident young 
theorists that would soon come to the fore. Millikan, twenty-one years 
older than Kemble, was then a well-established colleague of A. A. 
Michelson at the University of Chicago, and like him a superb experi
mental physicist, characteristic of the best of the older style of Ameri
can physicists, yet also typical of the community at that time in resisting 
as long as he could the basic quantum conceptions which his own 
experiments were supporting.

The main action in this case, therefore, takes place about 1912-1917 
and involves only a handful of American physicists. Ten years later 
there would be in place a sufficient number of quantum theoreticians 
of the high caliber associated with the earlier tradition of American 
experimentalists. Not everyone saw at once that it was happening/ but 
by then the fundamental change had occurred/ And in their different 
ways, Kemble and Millikan had a large share of responsibility for 
making the transition possible.

/ U; Prc^arattow o/ a QMawtMm PAyticM!

In 1916—17, in now largely forgotten publications, Kemble became 
arguably the first American to use quantum-theoretical considerations 
to predict results that were not yet in the domain of experimental 
knowledge, to obtain experimental verification for them, to become 
thereby one of the first Americans who would he noted for work in this 
held by elite European scientists, and to start on a career that enabled 
him to train a considerable fraction of the new generation of American 
theoretical physicists/

Unlike Millikan, whose biographical details have been amply docu
mented and are widely available, Kemble's personal background has 
been little known. Some of the main facts will illuminate an under
standing both of his own career and of the profession he was entering. 
He was born in a Methodist parsonage in 1889 in Delaware, Ohio, the 
son of a minister (as were so many scientists of his time). His parents 
had first met in a small frontier school, where his mother was a student 
and his father a temporary teacher on a year's leave from college; they 
were married immediately after her freshman year and spent some 
years in Mexico as Methodist missionaries. As a boy of eleven, Kemble

148



reported fater, he had a conversion experience during a Methodist 
Episcopal church revivai meeting, and in his otd age he stiii fooked 
back on it as "the most important act of my fife."** His eariiest ambition 
was to be a missionary, and in that expectation he enroiied in the 
denominationai coitege Ohio Westeyan, in the town of his birth. But he 
soon became convinced that he was unsuited for such a caffing because 
he found he "did not hefieve the refigious theories were true," and 
thus discovered himseff unabte to accept the "persona) divinity of 
Christ." This revefation, in his fate teens, appears to have been a cru- 
ciaf event in his life. Those who knew him weff feft that it had feft a 
sense of guift which Kembfe never quite overcame and which may have 
been a factor in his habituaf demand to exact of himseff the highest 
standards and most intense service.

Apparentfy in reaction to this "unconversion" experience, he turned 
to the study of science, afthough a concern with religion and active 
church membership remained ever present in his fife. His father had 
been an inventor on the side and had introduced him to scientific 
ideas. In pursuit of a new career, Kembfe transferred to the Case 
School of Appfied Science in Cfevefand, Ohio (iater named Case Insti
tute of Technofogy). He had to put himseff through coffege, first in
tending to go into mechanicaf engineering. But he soon discovered his 
strength and interest in physics as weff as in mathematics, taking 
courses in the Mathematics Department in, for exampfe, partiaf differ
entia) equations, Fourier Series, and spherical harmonics. This was 
unusual for a coffege physics student at that time in the United States. 
Indeed, as John W. Servos has shown, the whole pattern of preemi
nence of the experimentaf rather than the theoretical aspects in most 
sciences in the United States untif the 1920s is correfated with the 
fimited mathematical training future scientists received in schools and 
coffegesJ

Kembfe afso received a thorough introduction to the subject of 
waves, vibrations, and acoustics generalfy. That was not an accident. 
His main instructor throughout was Michefson's successor at Case, 
Dayton C. Miffer (1866—)94f), one of the feading experimentafists in 
acoustics. Kembfe was the onfy physics student in his coffege cfass, with 
onfy one other in the cfass above and the cfass hefow his, and it appears 
that Miffer, having come to see the quality of this student, worked
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closely with him. Kemble nourished under his care and had such high 
regard for Miller that he later dedicated his major book, T H E  F U N 

D A M EN TA L P R IN C IP L E S  O F Q U A N T U M  M E C H A N IC S  (1937), to him.
It is worth recalling that in Kemble's student years acoustics was a 

natural bridge to optics and hence to the physics of the atom. In the 
last decade of the nineteenth century, mechanical-acoustical analogies 
were still the reigning ones, not least for explaining how spectral lines 
resulted from the emission or absorption of the atom. During the first 
decade of this century, the analogy had been modified to an electrical- 
acoustical one, with spectral lines considered to arise from the vibra
tions of electrons in the atom.^

Although his encounters with mathematics and acoustics would be 
an important preparation for the future quantum theorist, another 
occurrence in Kemble's senior year was more fortuitous, and concen
trated his determination to become a research scientist. It came about 
while he was trying to repair a Phonodeik, a sound-pressure recording 
device Miller had invented. For this purpose Kemble decided to fash
ion a general mathematical theory—which became part of his senior 
thesis—of how viscosity dampens a mechanical resonator. As he put it 
in an interview later, he had a sudden "state of intense alertness," a 
burst of bright ideas. This exalted state lasted about a week. It left him 
with a "vivid sense of the way in which mental activity propagates 
itself" and the feeling that such as experience produces a "break . . .  in 
the picture."

After Kemble graduated from Case in 1911, however, further study 
toward a higher degree seemed financially out of reach. To make ends 
meet, he joined the recently founded Carnegie Institute of Technol
ogy in Pittsburgh, where he taught elementary physics as an assistant 
instructor for two years.

A7i77:Aaw on QMantMw PAywcs, 7972

During this period there seems to have occurred an important 
event. To one of his interviewers, Kemble mentioned later that on a 
visit to Cleveland in December 1912 he had heard a lecture by R. A. 
Millikan. Millikan did give an address at that time at Case (as vice 
president of Section B of the American Association for the Ad
vancement of Science, in a joint meeting with the American Physical

150



Society), with the announced tide "Unitary Theories of Radiation."° 
Just back from a six-month excursion to Europe, Miliikan appears to 
have given at Case the earliest analysis by an American physicist in a 
scientific society meeting of the new science that was taking shape 
abroad. This was very likely the first time Kemble had heard about it, 
so it will be useful to set the stage for Millikan's first-hand report.

As Millikan recounted later in his A u T O B tO G R A P H Y ," ' his trip had 
been auspicious at a time of rapid development. He had met Ruther
ford, Moseley, Darwin, Geiger, and Marsden at Manchester, Lord 
Rayleigh at Dundee, W. H. Bragg at Leeds, and Planck, Rubens, 
Nernst, Warburg, and others in Berlin, as well as visitors there such as 
von Laue. He had heard Franck and Pohl's analysis of current re
search on the photoelectric effect, which left it still unclear whether the 
available data could be uniquely related to Einstein's predictions. 
Above all, Millikan had attended Planck's lectures in Berlin on 
WarmMtraMMMg, * * and in this way, as well as socially and presumably in 
the weekly colloquia, he "saw much of Planck at this time."*^

It deserves to be noted what a fortunate symbiotic relationship ex
isted between these two, the world-renowned German theoretical 
physicist at one of the most distinguished universities and the younger 
American visitor from one of the newest universities, ready to present 
his first major experimental results. Millikan was just then obtaining, 
from the laboratory notebooks he had brought along for this purpose, 
the best value then available from his oil drop experiments for the 
charge on the electron (f = 4.806 x 10"*° ± 0.005 esu); he reported 
in Berlin on his investigations, later recalling: "If my memory serves 
me rightly, both Planck and Einstein were present at this meeting."

Millikan's finding was just what Planck needed. In the first edition of 
his book W A R M E S T R A H L U N G  (1906),*̂  Planck had derived the value of 
what he called the "Elementarquantum der Elektrizitat" from the con
stants in his formula for radiation, obtaining c = 4.69 X  10"*° esu, 
whereas the best experimental value then available (J. J. Thomson's) 
was 6.5 x 10"*° esu, 38 percent higher. Planck drew prominent 
attention to what had been a serious discrepancy only in the 
preface of the second (1913) edition of his book; by then he could add 
immediately, with evident pleasure, that "more recently, through the 
researches of E. Rutherford, E. Regener, J. Perrin, R. A. Millikan, T. 
Svedberg, and others, admirably more refined methods of measure-
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ment have decided, without exception, in favor of the value derived 
from the theory of radiation, falling between the values of Perrin and
Millikan."

Satisfying as this finding must have been for Planck, there was also 
another, more indirect connection with Millikan's work. If, despite the 
continuing attacks by Felix Ehrenhaft and his collaborators, one took 
Millikan's demonstration of the atomistic nature of the fundamental 
electric charge to be the final and sufficient evidence for it, as Planck 
evidently did,^ one might come nearer to an understanding of the 
chief and troubling puzzle at the heart of quantum physics itself. In 
1906 Planck had put the challenge in these words: it was the "disclo
sure [EwtMMMMg] of the full physical significance of the elementary 
quantum of action A."'  ̂ How to reach this aim was a task for the 
future. But a cautious hint had appeared in the last sentence of his 
Conclusion, in the final paragraph of that book; there Planck had 
returned to the thought that one might expect a future stage of the 
theory to reveal "a more faithful explanation of the physical signifi
cance" of his universal quantum of action, one which will "certainly not 
take second place to that of the electrical elementary quantum.

A suggestive coupling of this sort had been plausible enough from 
the beginning, not only because the electric charge appeared in the 
radiation formula, but because the discovery of two separate universal 
constants for atomic phenomena, A and g, raised quite naturally the 
tantalizing hope that some underlying connection would be found. It 
is therefore significant that six years later, in the second (1913) edition, 
Planck used those same words in the corresponding passage of his new 
book—but now, with the new status of the electron, he was able to 
make an insertion in his final paragraph that signaled more visibly his 
long-standing hope of finding a bridge between A and g, a connection 
between the abstract oscillators on which his quantum theory of radia
tion was based and the now more firmly grounded conception of the 
elementary quantum of electric charge: Planck added the notion that 
electrons would be moving among, and interacting with, the oscil
lators.^

Clearly, Millikan had good reason to feel elated by the recognition 
being given to his first serious research results. On his return from 
Berlin in the fall of 1912, he evidently regarded himself as a proper
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presenter of Planck's theory of radiation—although Planck's own 
views were about to be seen, at least in Germany, as among the most 
conservative and hesitant of the interpretations of quantum theory. 
But because of the even greater skepticism and conservatism of most 
American scientists at this time, including Millikan himself, there was 
a good fit between Millikan and his audience at Case as he gave his 
December 1912 talk.

Millikan began by dismissing the opinion, current two decades ear
lier, that physics in the main was complete, "and that future advances 
were to be looked for in the sixth place of decimals." On the contrary, 
in part through his own cited researches, physics had recently been 
fundamentally transformed through what he termed "the Triumphs 
of an Atomistic Physics," with "the last of its enemies" now silenced. 
The reign of the thema of atomicity or discreteness had failed to 
penetrate only one area, the "lost domain of cwergy." But even
there, Millikan said, claims were now being made for atomicity, that is, 
for the conception that there, too, "atoms of energy " or units of energy 
are involved (hence the original title of his talk, "Unitary Theories of 
Radiation").^

Millikan, always a good speaker, now surveyed in easily accessible 
terms the experimental basis of the successes and failures of the vari
ous opposing theories concerning both the "nature of radiant energy" 
and "the conditions under which such energy is absorbed or emitted 
by atomic or sub-atomic oscillators." But instead of dwelling on a divi
sion between the role of energy quanta in matter and of energy quanta 
in the ether, or presenting the historical How from Planck's quantiza
tion (1900) to Einstein's light particles (1905) and specific heats (1907) 
to Planck's recent publications, he put forward for examination an 
array of "five distinct brands" of what he called " quantum' theory of 
various degrees of concentration," ranging from the "least concen
trated," namely that of Planck, to Einstein's 1905 theory, the "most 
concentrated form of quantum hypothesis." Millikan confessed that he 
found Einstein's theory, "however radical it may be," to interpret most 
fully the recent experimental facts. Nevertheless, he said, he could not 
recommend its adoption, above all because it could not be reconciled 
with "the facts of diffraction and interference, so completely in har
mony in every particular with the old theory of ether waves''; '̂ in any
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case, as he would indicate later, the abandonment of the wave the
ory of light was clearly impossible, particularly for a physicist from 
Chicago's Ryerson Laboratory, Michelson's home.^ Indeed, a corpus
cular theory of light was for Millikan "quite unthinkable"^ and, as we 
shall see, so it remained for years.

Reporting on Planck's theory, Millikan noted that the original ver
sion had been modified after Poincare's objections; in 1912 Planck had 
changed to the view that only emission can occur discontinuously, 
while the absorption process was continuous (although Millikan indi
cated in passing that Planck's earlier theory had accounted better for 
the observations by Nernst and Eucken on the anomalous specific heat 
of gases).^ Where to place the mechanisms of discontinuity was still 
very puzzling. Perhaps, Millikan speculated, there was merit in J. 
Thomson's old theory, according to which units of light energy 
traveled as transverse tremors along tightly stretched Faraday tubes 
that acted as discrete threads embedded in the continuous ether, giv
ing it a fibrous structure.^ At any rate, Millikan was forced to this 
conclusion: "We have at present no quantum theory which has thus far 
been shown to be self-consistent or consistent with even the most im
portant of the facts at hand."26

But while the acceptance of the thema of discreteness throughout 
physics was unthinkable for Millikan in his December 1912 speech, 
another frontier was opening before his eyes. One could, he said, now 
try to assign "a structure to the ether," to account for the apparent 
localization of radiant energy in space. Thus, he said, we seem to be 
"on the eve" of at last learning more about the ether. Never had 
physics offered greater tasks and required better brains than now. 
And waxing more fervent still—as well as reaching back to his own 
roots as a son of a minister—Millikan ended his talk with this exhorta
tion: "It may be that T H O U  art come to the Kingdom for such a time as 
this.' "27

Kemble had of course heard a command like this many years earlier, 
in quite another context. If he was now listening to these words, they 
must have left a very complex impression on him. Those who knew 
him well were always puzzled why anyone's mention of Millikan's 
name would quite uncharacteristically produce a cloud over his face, 
and a quick change of subject.
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77te Excifemewf o/ h

At about that time there occurred yet another crucia) turn in Kem
ble's career, also owing to D. C. Miller. On the basis of Miller's recom
mendation, Wallace Sabine at Harvard, himself distinguished both as 
an acoustician and as a discoverer of young talent—he brought to 
Harvard several promising young scientists, including Theodore Ly
man, P. W. Bridgman, and Francis Wheeler Loomis—offered Kemble 
a fellowship for graduate study. It was discovered later that Sabine was 
in fact quietly financing it out of his own pocket.

Kemble arrived in Cambridge in 1913, and in his first graduate- 
student year took Sabine's course on optics, a side interest of Sabine's. 
Kemble liked it exceedingly. Unlike most physics students, he also 
enrolled in several advanced mathematics courses/" mostly in the De
partment of Mathematics, intent on studying a combination of physics 
and mathematics that today would be called theoretical physics but 
that was then still a rare pursuit for an American.*'' As almost ev
erywhere else in America at that time, at Harvard physics research 
was primarily experimental. The department was located in the Jeffer
son Physical Laboratory, itself designed to make a statement as a veri
table temple of experimentation, with an unusual concentration of 
investigators and apparatus/" Bridgman was well started on his high- 
pressure researches, Edwin H. Hall was chiefly concerned with what 
one would call now solid state physics, and Sabine worked in acoustics. 
The rest of the Physics Department had divided the electromagnetic 
spectrum among themselves, so that the physics faculty was referred to 
as "the Spectroscopy Department." Theodore Lyman worked on the 
spectroscopy of the ultraviolet region, William Duane in X-ray spec
troscopy, Emory L. Chaffee and George Washington Pierce on electri
cal oscillations associated with radiowaves, and (from 1919) Frederick 
A. Saunders on series spectra in the visible region/' As in most Ameri
can physics departments, a graduate student was expected to become 
proficient in machine-shop work soon after arrival and to begin build
ing the equipment after having chosen an experimental thesis topic in 
the first year.

Jefferson Laboratory was thus in many ways the least likely site for a 
young person to launch a career in quantum theory. The tradition and
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the investment of energy, personnel, and resources were ail in the 
opposite direction. Not only had nobody in America done a Ph.D. 
thesis in quantum-theoretical physics, nobody at Harvard had written 
a theoretical thesis on any topic in physics. David L. Webster, who 
received his Ph.D. the year of Kemble's arrival, had tried but had not 
been given permission to do so. As Lyman was fond of saying, "Physics 
is an experimental subject."

Yet another determining event for Kemble occurred in the spring of 
1915, toward the end of a course recently retitled "Radiation and the 
Quantum Theory," given by G. W. Pierce.^ The course used Morton 
Masius's 1914 translation of the second edition of Planck's WARME- 

STRAHLUNG.33 That book—derived from the lectures Millikan had 
attended in 1912—presented Planck's "second theory," in which ab
sorption of radiation was held to be continuous. Like other Americans 
who taught this topic at the time, Pierce himself, according to Kem
ble,^ was bothered by "the inconsistency between it and Maxwell's 
theory, [and Pierce] continued for years to search for a purely classical 
explanation of the phenomena on which quantum theory was based." 
It was in this setting that Kemble began to study the new physics. Once 
he had shaken off the initial doubts that he may have picked up from 
his instructor, he was ready for these ideas. As Kemble recalled later: 
"Anything with quantum in it, with /: in it, was exciting."^ He had hit 
on the area in which he would do his doctoral thesis research.

A look at Planck's book in Masius's translation shows how quantum 
theory may have appeared to the young student at the time. It is a 
strange book, much of it a classical survey, with the introduction of the 
"hypotheses of quanta" delayed to well past the halfway point in the 
book. But Masius's preface starts with a bugle call: "The profoundly 
original ideas introduced by Planck in the endeavor to reconcile the 
electromagnetic theory of radiation with experimental facts have 
proven of the greatest importance in many parts of physics. Probably 
no single book since the appearance of Clerk Maxwell's E L E C T R IC IT Y  

AND M A G N E T IS M  has had a deeper influence on the development of 
physical theories."^

In contrast, Planck's own, much more modest preface stressed that 
the greatest challenges lay still in the future. His theory, he warned, 
called "for improvements in many respects, as regards both its internal 
structure and its external form . . . [It] will require painstaking experi-



mental and theoretical work for many years to come to make gradual 
advances in the new held . . . [The] fruits of the labor spent will 
probably be gathered by a future generation."^ His caution, evident 
throughout his text, signaled both his realization of the incomplete 
state of the theory and his deep-seated ambivalence about what these 
strange ideas were doing to his beloved science. Planck's motivation 
was in a direction orthogonal to the one in which his findings were 
taking him. He hinted at this when he wrote that he had begun to feel 
early that the law governing black body radiation, depending not on 
the nature of the emitting bodies but only on temperature, "repre
sented something absolute, and since I had always regarded the search 
for the absolute as the loftiest goal of all scientific activity, f eagerly set 
to work."33 In 1899, just before he understood that the two constants a 
and A turning up in his equation for the entropy of a resonator in a 
radiation-filled cavity would reveal themselves as closely equivalent to 
A/A and A, and began to recognize the disruptive potential of what he 
was doing, he confided: "[It] may not be without interest to note that 
the use of the two constants a and A . . . offers the possibility of 
establishing units for length, mass, time and temperature which neces
sarily maintain their meaning for all time, and for all civilizations, even 
extraterrestrial and non-human ones, constants which therefore can 
be designated as 'natural units of measurement.'

Planck saw himself chiefly as taking part in the perfection of the 
physics of Newton and Maxwell, and even used his Nobel Lecture of 
1920 in good part to express his concern, and virtually his apology, 
that his quantum hypothesis, which he called there "der Eindringling" 
[the intruder], must strike a theoretician brought up in the classical 
school as "a monstrous, and for the imagination almost unbearable, 
arrogation."^ As late as 1926 he said that despite the usefulness of the 
concept of quanta, "the difficulties encountered in fitting the quantum 
hypothesis into the system of theoretical physics" were formidable and 
threatened what for him was still an overriding goal and undefiled 
thema, namely that "the picture of the physical universe . . . regain the 
complete unity of classical physics,'""—a scientific in which the
"principle of determinism" and the "strictly causal outlook" were pre
served also and were "strictly valid." Planck had been repelled from 
the beginning by any need for discontinuity, for remodeling "basically 
the physical outlook and thinking of man which . . . were founded

HESITANT RISE OF QUANTUM PHYSICS RESEARCH

157



on the assumption that ail causal interactions are continuous.'"^ In his 
publications and ietters, as he developed his theory of radiation 
through its various stages, one can almost see him squirming under the 
stress of having to accommodate somehow a notion that was themati
cally unappealing to him. Planck later confessed that his introduction of 
what he usually pointedly called "the hypothesis of energy quanta" had 
been "a purely formal assumption," to which he felt driven because 
"no matter what the circumstances, may it cost what it will, I had to 
bring about a positive result.'"^

Just where he would place the discontinuity in the interaction be
tween matter and radiation changed with time. Thus in a letter to 
H. A. Lorentz on October 7, 1908, it was the "resonator" (later called 
oscillator) that "does not respond at all to very small excitations," and it 
was therefore absorption which was not classical. Fifteen months later, 
writing to Lorentz on January 7, 1910, Planck said frankly: "The dis
continuity [LhuMigAeit] must enter somehow . . . therefore I have 
located the discontinuity at the point where it can do the least harm, at 
the excitation of the oscillators. The decay can then occur continuously 
with constant damping." During 1911 and 1912, fashioning his "sec
ond theory," Planck again changed his mind. While an asymmetry 
between emission and absorption was preserved, the discontinuity was 
relocated. As Kemble would read in Planck's treatise, Planck now in
sisted that although energy is lost in quanta during emission, "in the 
law of absorption . . . the hypothesis of quanta has as yet found no 
room." "The absorption of radiation by an oscillator takes place in a 
perfectly continuous way."^

As an aside, let us note that the switch did not make Planck feel 
better about the importation of this unappealing conception. He wrote 
to Paul Ehrenfest on May 23, 1915: "For my part, 1 hate discontinuity 
of energy even more than discontinuity of emission.

Planck's own reactions to the demands of the new physics serve to 
remind us that, as has been amply documented, the majority of Euro
pean physicists were puzzled by the fundamental assumptions of the 
quantum theory, even while the successful applications to spectra and 
specific heats were beginning to be obtained. Thus Einstein tortured 
himself both in private and in public about his inability to find either 
an interpretation of Planck's constant in visualizable form or a theory 
built from fundamentals which would yield both the energy quanta
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and the electric charge quantum as consequences.^ And Poincare, in 
one of his last and most eloquent essays, written on his return from the 
summit meeting on quantum physics at the 1911 Solvay Conference, 
spoke for many when he concluded: "The old theories, which seemed 
until recently able to account for all known phenomena, have recently 
met with an unexpected check . . .  A hypothesis has been suggested by 
M. Planck, but so strange a hypothesis that every possible means was 
sought for escaping it. The search has revealed no escape so far . . . Is 
discontinuity destined to reign over the physical universe, and will its 
triumph be final?'""

Nevertheless, like Planck and Einstein, a growing number of Euro
pean physicists were eager to explore the potential of quantum physics 
despite their various doubts, accepting the theory in some version at 
least as the basis of vigorous theoretical or experimental research pro
grams on their part (even while perhaps agreeing with W. Nernst's 
remark of January 1911 that quantum theory was at bottom still only 
"a very odd rule, one might even say a grotesque one"). As we shall 
soon see, during the same decade such an approach was the exception 
in the United States. There our future quantum theorist would be 
surrounded by a community which, if it was attentive to quantum 
theory at all, used it chiefly for pedagogic purposes or as a challenge to 
demonstrate its implausibility, or—more rarely—to test experimen
tally one of its predictions.^
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As far as one can tell from his writings, letters, and interviews, none 
of this widespread thematic anguish infected young Kemble. He was 
ready to be a discontinuist if it had pragmatic value. In any case, he 
had greater problems to attend to first. Excited by A and hoping to do 
his doctoral research on quantum theory, he faced the obstacle that the 
Physics Department at Harvard was not ready to accept a theoretical 
thesis. But worse, nobody on its faculty was sufficiently familiar with 
quantum ideas to guide a budding theoretician. It is therefore a re
markable fact, and perhaps an illustration of the greater willingness in 
America than in other parts of the world at that time to let sufficiently 
bright, insistent, and self-confident young people challenge the institu
tional traditions and take the risk of breaking into new fields, that the
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department gave in to Kemble's plea and accepted his plan for a 
purely theoretical thesis. (As it turned out, in the late stages of the 
work he added an experimental section to examine whether his theo
retical predictions were reasonably closely fulfilled.) Initially Kemble 
had chosen Sabine to be his formal supervisor. But Sabine left for war 
work in 1916, so Bridgman agreed to take on this function, being 
perhaps more ready than his colleagues on the faculty to tolerate dar
ing and, from all the evidence, less hostile to the quantum.

Thanks to Kemble's consistent writings, notes, and interviews on this 
subject, one can establish with fair confidence what his own general 
attitude to quantum physics was at that time, and one can also pinpoint 
when he found the specific problem to work on. On February 26, 
1916, a fellow student of Kemble's in the department, James B. Brins- 
made, gave a talk at the weekly colloquium on his own doctoral thesis 
research then in progress in experimental spectroscopy, the depart
ment's chief research interest.^ That subject, however, contained a 
well-known, serious fundamental puzzle. As Kemble put it later:

If the distribution of angular velocities of gas molecules followed the Maxwell- 
Boltzmann law, and if radiation were emitted in accordance with the classical 
electromagnetic theory, each emission and absorption frequency in a multi- 
atomic gas would be spread out into a continuous band whose width would 
depend on the [rotational] inertia, but would always be large compared with 
the width of a normal spectrum line. The absence of such continuous bands in 
the spectra of gases is one of the most incontrovertible evidences known that 
there is something radically wrong with the classical mechanics, or the classical 
electrodynamics, or both.""

Band spectra might thus be a key to the new physics.
The significant portion of Brinsmade's talk was his discussion of 

publications on the theory of the band structure of infrared absorption 
spectra by the young Danish physicist Niels Bjerrum.^' Bjerrum had 
been dealing with the absorption spectra of gas molecules such as HC1, 
CO2, and HgO. Until recently, none of these spectra had been re
solved; they had appeared merely as smears. But now, with better 
experimental techniques, they came to be seen as double bands, and 
there were even suggestions of line-like fine structure in some bands. 
Bjerrum had thought the width of these bands was of the order of 
magnitude to be expected from a superposition of molecular rotation 
on molecular vibration, the frequency center of each band being equal
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to the longitudinal oscillation frequency of the corresponding 
moiecuie.

That idea went back to Lord Rayleigh's proposal of 1892, according 
to which, on entirely classical grounds, an oscillator that would be 
emitting or absorbing light of frequency v„ if at rest, will absorb and 
emit in about equal proportions at frequencies + r, and y. — r, when 
also in rotation with frequency r, around an axis perpendicular to the 
direction of vibration.^' As it happened, Lord Rayleigh's paper, on 
which much of the research depended that led later to the quantum 
theory of absorption spectra, had been triggered by one of Michelson's 
experiments; it was in fact a specific response to Michelson's finding 
that in applying interferometry to spectroscopy—an advance on which 
Michelson's Nobel Prize award was based in part—spectral lines be
came narrower as the pressure of the gas became lower.^

Bjerrum's role was a familiar one in the transition from one stage of 
a theory to another stage that challenges the earlier one fundamen
tally: he grafted a new mechanism onto the old one to see how well the 
recombinant form would do. Bjerrum's mentor, Walther Nernst, had 
recently turned his attention to the application of quantum theory to 
explain the specific heat of gases. Thus encouraged, Bjerrum pro
posed to adopt Nernst's suggestion that the rotational energy of the 
molecule is quantized;^ hence the separation between the peaks in the 
absorption band should be given by Av = /t/(2rr̂  7) (where 7 = rota
tional inertia). A corresponding doublet structure in absorption 
spectra had in fact been found experimentally in 1913 by W. Burmei- 
ster^ and by Eva von Bahr.^

From the observed spacing of the doublets, one could calculate 7 and 
hence what the nuclear separation of the molecules should be. The 
plausible value of about 1.89 x 10"^ cm resulted from HC1. More
over, Av was found to vary experimentally at least approximately with 

as expected. And when von Bahr used Rubens's quartz prism 
instead of fluorite, the earlier hints of discontinuities in the absorption 
bands were confirmed as the hands resolved themselves into definite, 
nearly equispaced maxima and minima (Fig. 1), which Kemble soon 
came to call "quantum lines." Those were of course not plausible on 
the basis of classical theory; on the contrary, evidence of the quantiza
tion of the motions of the absorbing molecules now seemed to stand 
before one's very eyes.^ As Kemble was to emphasize less than six
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Figure 1 Absorption spectrum of HCi gas, as determined by Eva von Bahr, 
CAgr HiAarotc AÂ or̂ Aow drr Gasg, p. 1153 (see note 56) for two pressures, 
piotted against W. Burmeister's unresolved double band, f/MtrrsMcAtmgrm RAgr 
dig MArarotgtt AÂ orjAAom̂ gAtm gmiggr Gosg, p. 595 (see note 55).

m onths after Brinsm ade's talk, "Grgat as arc A;g to wAieA we are

fgd Ay tAat /orm q/* tAg qMOKtttm tAcory wAtcA a.ssirmgs [contrary to Planck's 

second theory] tAat AotA tAg aAsotyAtiow awd gwMsstow taAg j&iacg Ay qMawta, it 

wottM a^ gar tAat tAgrg is (itt/g Aô tg o/̂  gsca^g /rowt tAis gssgMtiaiiy Aittgwtatic 

eort/irwMtioM o/ tAat tAgory" (em phasis in original). '̂

We note that this quantization was still simply a superposition on the 
classical Rayleigh mechanism, the mechanical frequency of the mol
ecule being equal to the frequency of the absorbed light. Also, the 
experimental data raised certain puzzles, such as the reason for the 
asymmetry found in the intensity in the two wings of the double band. 
But evidently Kemble's interest, as he listened to Brinsmade's account 
of the results, focused chiefly on two findings: the existence of quan
tum lines and the discovery of a mysterious, faint absorption band for 
CO, found at approximately half the wavelength of its main absorp
tion band.^ That showed Bjerrum's theory to be too limited, and cried 
out for a new idea. And Kemble was ideally prepared to propose one
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at this point; it wouid constitute a chief accomplishment of his Ph.D. 
thesis work during the fourteen months that elapsed between Brins- 
made's talk and Kemble's submission, on May 1, 1917, of his three-part 
dissertation.

To summarize briefly, Kemble considered it axiomatic that contrary 
to Planck's authority,absorption was a discontinuous process, with 
the molecular motions being responsible for its quantization. He saw 
that in a diatomic gas molecule, the lowest states of vibration would 
have to involve excursions that are an appreciable fraction of the mean 
distance between the atomic centers. Indeed, the amplitude of vibra
tion of the molecule associated with absorption would typically be of 
the order of 10 percent of the normal distance between nuclei—much 
too large for the force law to remain linear, as anyone trained in 
acoustics would immediately suspect. Therefore, vibrations of such an 
anharmonic oscillator, and the corresponding absorption spectrum, 
would contain overtones of the fundamental.^

Thus Kemble was ready not only to apply quantum ideas but to 
modify significantly Planck's theory in each of the forms available to 
him. Contrary to Planck's second theory, Kemble considered absorp
tion to be a fundamentally discontinuous process, and contrary to 
Planck's first theory he considered the oscillators to be anharmonic. 
His own version of the quantum theory not only explained the faint 
second absorption band in the spectrum of CO, with his calculations 
fitting the available observations quite well, he also went on to predict 
the wavelengths at which similar "first overtones" were to be sought in 
the spectra of HC1 and HBr. In collaboration with Brinsmade,^ whose 
quartz-prism spectrometer had been set up for a quite different study, 
Kemble found the expected absorptions quite close to (typically within 
2 percent of) the predicted values.

The principal spectra he obtained also showed far better resolution 
(see for example Fig. 2) than had been previously available, and he 
concluded that the observed "sharpness of the maxima of double ab
sorption bands in the spectra of CO and HBr is incompatible with the 
newer form of the quantum theory [Planck's 1913 version] in which 
absorption is supposed to take place gradually and not by quanta." For 
as Kemble explained, according to Planck's second theory, the absorb
ing molecules should be able to have "all vibrational energies between 
zero and one quantum. In fact they are assumed to be uniformly
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FIGURE 11
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Figure 2 Absorption spectrum for HC) gas, from Fig. I i of Kemble's thesis 
essay (see note 60), p. 77, showing the weii-resoived "quantum iines."

distributed over the 'region elements' between these extreme values." 
Therefore, they should be able to absorb equally all corresponding 
wavelengths and so give rise to a "Hat-topped elementary absorption 
band," one much wider than the separation of the doublet maxima 
that had been observed.^*

His first results were reported at the December 1916 meeting of the 
American Physical Society.^ When Kemble's thesis work is read today, 
two points are particularly arresting, and should have been when it was 
submitted to the Harvard Physics Department. First is its boldness 
under the circumstances. Despite the homemade form of the theory 
and its other inadequacies, he challenged the current theory as too 
timid, proposed a version of his own, and obtained support for it from 
experiments he had designed in order to test it. There is no evidence 
that he was able to discuss his ideas with any sympathetic, informed 
person above the level of his fellow students. He had been trying to 
work it out on his own, a beginner surrounded by professors whose 
ideas and orientations were quite different from his own. As he put it 
in an interview later: "I was a lone wolf, small size."

The second surprising point is that none of the three parts of Kem
ble's dissertation made reference to energy levels or stationary states,
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and did not even carry a footnote to Niels Bohr's 1913 conception of 
the atom. The absorption frequencies were still considered to be the 
mechanical frequencies of rotation-vibration. Even the ideas discussed 
in James H. Jeans's book^ or in the proceedings of the first (1911) 
Solvay Conference, to both of which Kemble made occasional refer
ence in his work, were used so sparingly that one wonders if Kemble 
really had extensive access to these publications.

Toward the end of his life, Kemble, as always painfully concerned 
about any shortcomings in his work, felt so keenly the conceptual gaps 
which had become evident in his dissertation that he found it necessary 
to make a confession. He asked the librarian to attach a note to his 
thesis, then still on the shelves of the Physics Department library: "It 
would appear that during the period when the theoretical work here 
described was in progress, 1916—17, 1 had not heard of the Bohr 
theory."

Taken at face value, it is a baffling statement because on the pub
lished program of the American Physical Society meeting of December 
26—29, 1916,^ in New York, at which Kemble spoke on his thesis 
research, the very next paper to be delivered was listed as "A Criticism 
of the Rutherford-Bohr Atomic Hypothesis, Based upon a Theorem 
of Phase Equilibrium of two Electrons," by Albert C. Crehore. More
over, the high point of the same meeting was an elaborate symposium, 
"The Structure of Matter," led by Millikan's address, now as president 
of the 600-member American Physical Society, titled "Radiation and 
Atomic Structure," in the course of which he summarized and en
dorsed Bohr's theory (as a theory of atomic structure, although not as 
a theory of radiation, since "the mechanism of radiation was still il
lusive").^

But other references to Bohr's theory in American science journals 
up to that time were few in number and usually critical in tone. This 
was true even of the other seven speakers at the December 1916 sym
posium. For example, G. N. Lewis voiced his "fundamental objection 
to the theory of the revolving electron," and spoke on the advantages 
of his "static atom"; W. J. Humphreys, on "The Magnetic Field of an 
Atom," managed to avoid any mention of Bohr; so did William Duane 
in his lecture "Radiation and Matter," who warned also "that we are 
not compelled to believe that because Planck's radiation law fits the 
facts of black body radiation more or less closely, therefore energy
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must be radiated in quanta Av." Lauder Wiiiiam Jones, speaking on the 
distribution of vaience electrons, relegated Bohr to one sentence in a 
footnote, and William D. Harkin of the University of Chicago, in "The 
Structure of Atoms," mentioned Bohr only once, in passing, in order 
to warn that despite the successes which his colleague Millikan had just 
reported, Bohr's idea of a planar atom was not in accord with the 
apparently three-dimensional arrangements of the outer electrons of 
organic molecules.^

Therefore Kemble's retrospective note on not having heard of 
Bohr's theory becomes plausible if one interprets it as an indication of 
what was being taught at Harvard, of his isolation, and of the delay in 
the acceptance in the United States of Bohr's theory, as of quantum 
physics generally. Kemble himself, when still a student in Pierce's 
course in 1915 and before he fell under the spell of A, had begun one 
of his reports to Pierce with this paragraph: "I presume that all of us 
would agree that the quantum theory is quite distasteful. In working 
with the theory we have no definite mechanical picture to guide us nor 
have we any definite clear-cut principle as a basis of operations— 
physicists everywhere have been making strenuous efforts to find a 
method of escape from the theory. If such a method could be found I 
presume that we should all breathe a sigh of relief and sleep better 
thereafter."^

While Kemble had soon thereafter abandoned the escape attempt, 
the more typical reaction of his fellow countrymen was to regard the 
early forms of the quantum theory not as a challenge to improve them 
but—aside from pedagogic use—as an argument not to accept them as 
guides to research, either as a whole or in large portions.^ To cite here 
only two more examples: A. L. Parson, from 1915 on, elaborated a 
widely cited theory of atomic structure entirely opposite to Bohr's; in 
it, each electron was a thin ring of approximately atomic size, with 
negative charge "distributed continuously on it," and which rotated on 
its axis "with a peripheral velocity of the order of that of light."^ A. H. 
Compton published a theory of the electron in 1919,^ partly based on 
Parson's, and proposed, on the basis of the data for the scattering of 
hard X rays and gamma rays, that there were just three possible mod
els for the electron: a thin and flexible ring, a rigid spherical shell 
incapable of rotation, or a flexible spherical shell. In 1921 he modified 
that model; instead of a ring of electrons, there was now to be a more
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nearly isotropic distribution, with strong concentration of charge near 
the center

During his thesis work, Kemble must have kept a sharp eye espe
cially on the positions of three of the more established physicists with 
respect to quantum ideas. Two were in the same laboratory building, 
and he seemed destined to cross the path of the third repeatedly. They 
were David L. Webster, already mentioned, who had obtained his 
doctorate in the same department three years earlier and who had 
stayed on as an instructor until 1917; William Duane, who had joined 
the Harvard faculty in 1913 and had remained there; and Millikan, 
whose publications of 1913 and 1917 were cited in Kemble's thesis as 
giving "the latest values for the constant A and A."^ But as a brief 
glance at each shows, none of these three was comfortable with the 
new physics. Thus Kemble found it necessary, in his thesis, to dismiss 
explicitly Webster's "suggestion . .. that the absorption and emission of 
radiation may both take place in accordance with the law of the classi
cal electrodynamics, the quantum effect being really only a collision 
effect."^ Nor did Webster soon change his mind. Writing with Leigh 
Page, he objected to Bohr's theory as late as 1921: "In the form in 
which the theory has usually been stated, the orbits in an atom are all 
supposed to lie in one plane. In this form it seems impossible to recon
cile the theory with the chemical evidence, because a set of orbits in a 
single plane are so different from the positions where the chemist 
would put the electron."^ The very successes of Bohr's theory were 
held against it:

TAe tAat M lAcn M tAat j&Atwe orAtts can gfw ^McA exact ^Maatitahvc

agreements wAere tAey do. This, in fact, tends to cast some suspicion on quantita
tive agreements as a sure proof of real truth in a theory. Indeed they are not 
such sure proof. There have been many mechanicai ether theories that have 
been just as good quantitativeiy for a certain distance, but no more. And 
Fourier's theory of heat conduction in solids gave remarkable quantitative 
agreements with the facts of temperature distributions within the conducting 
bodies, although it was based entirely on the assumption that heat was a mate
rial substance, "caloric." But this assumption was not necessary. It was merely 
convenient, in the absence of anything better. And so it may be with Bohr's 
orbits.^

Professor Duane also would not have given Kemble much support 
while he was working on his thesis in a room nearby. Duane's experi
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mental researches (with his student F. L. Hunt) had yielded the iaw for 
the X-ray wavelength limit. Although Duane and Hunt made it clear 
that their research had not been intentionally based on quantum the
ory, they at first could not deny that "our results furnish strong evi
dence in favor of the fundamental principle of the quantum hy
pothesis."^ But Duane quickly retreated from the implications of his 
findings and proposed a derivation of Planck's radiation formula that 
avoided "any law according to which radiant energy can be produced 
or exist only in quanta

Millikan's stance may have been the most difficult one for Kemble. 
We recall that Millikan had stated in December 1912, presumably in 
Kemble's presence, that "no quantum theory was yet self-consistent," 
and that he held a corpuscular theory of light to be "quite unthink
able." Indeed, he repeatedly testified later on how great a struggle it 
was for him eventually to have to leave behind the continuum and 
accept the discreteness of light energy. Thus even in 1916, after his 
exhaustive work had forced him to accept his own experimental proof 
of the exactness of Einstein's oyMahow, Millikan did not also accept the 
underlying theory. Rather, like so many others, he opposed its implica
tion, making the oft-quoted remark that the "theory by which Einstein 
arrived at his equation seems at present to be wholly untenable," and 
referring to Einstein's proposal of 1905 as "the bold, not to say the 
reckless, hypothesis of an electromagnetic corpuscle of energy 
Even in his acceptance speech of 1923 on receiving the Nobel Prize 
"for his researches upon the elementary charge of electricity and the 
photoelectric effect," Millikan confessed that "after ten years of testing 
and changing and learning and sometimes blundering, all efforts be
ing directed from the first toward the accurate experimental measure
ment of the energies of emission of photoelectrons, now as a function 
of temperature, now of wavelengths, now of material (contact e.m.f. 
relations), this work resulted, contrary to my own expectation, in the 
hrst direct experimental proof in 1914 of the exact validity, within 
narrow limits of experimental error, of the Einstein equation, and the 
first direct photoelectric determination of 'Planck's constant A.'

At a time when Kemble was well advanced in his thesis work, Milli
kan, in his presidential address on December 27, 1916, to the Ameri
can Physical Society meeting in New York,^ cautiously expressed the 
thought that at least in some cases the emission of electromagnetic
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radiation by an electronic constituent of an atom must be "a sudden or 
explosive" process. But he was still embracing a classical theory of 
radiation; in 1917, in the conclusion of his widely read book THE ELEC
TRON,̂  Millikan expressed his strong misgivings about any theory ex
cept an ether-based one, coupled with what he called the "hazy" idea 
that "within the atom there exists some mechanism which will permit a 
corpuscle continually to absorb and load itself up with energy of a 
given frequency until a value at least as large as is reached"—a 
mechanism harking back to Planck's "second theory" which Kemble, in 
his dissertation research, had explicitly rejected, in order to forge 
ahead under the standard of discontinuity.

EptYogMg

Kemble himself later expressed the reasonable speculation that the 
relative backwardness of the responses to the new quantum theories in 
the United States at that late date may have been caused in part by the 
onset of the war in Europe in 1914 having interrupted the How of 
scientific books and journals. In particular he acknowledged in 1920 
that until then he had no access to Sommerfeld's important work, 
which improved on Planck's and Bohr's ideas and made them so con
vincing.^ At any rate, in pursuing his research in 1916-17, Kemble 
was evidently deHected neither by his own ignorance of the latest ad
vances abroad nor by the general disbelief and confusion in the United 
States.

If one tries to identify the idiosyncratic characteristics that most 
separated Kemble from other Americans, one must note two: his skill 
in mathematical methods within physics (in part reinforced by his self- 
study of Gibbs's writings) and his acceptance of discontinuity in physi
cal processes at the atomic level. But in two other significant respects 
Kemble's approach in 1916-17 had, despite all the differences, also 
recognizable similarities with that of his less venturesome countrymen. 
First, he still had the penchant for visualizable processes and for what 
Sopka has properly identified as "the strong American interest in a 
variety of mechanically formulated models of atomic structure, which 
interest would serve to inhibit American participation in developing a 
quantum-theoretical approach to atomic structure."^

Moreover, he was at the time as handicapped as his compatriots in 
this continent-wide country by the absence of the more concentrated,
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continuous, lively intellectual interaction among bright fellow pioneers 
Millikan had glimpsed on his visit to a few research centers in Europe. 
That lack in turn was of course a function, despite some signs of 
improvement, of a whole set of continuing institutional weaknesses 
that fed on one another at the time: the absence of enough centers of 
productive faculty research; the ambivalence of university adminis
trators about supporting research; the lack of a national program of 
subventions for physics (with fellowships for promising physicists and 
chemists not available until the postwar National Research Council 
program); the small size and relative passivity of the National 
Academy of Sciences in the prewar years; the inadequacy of the Amer
ican Physical Society, under the sway of an elite that had most of its 
training and rewards in nineteenth-century science; the difficulty for 
U S. journals, such as the P H Y S IC A L  R E V IE W , of setting new standards 
through informed peer review.

Therefore something more was needed than the steadily improving 
mathematical training of science students, and the eventual growth to 
a kind of critical size of the groups of competent theoreticians. At least 
three other factors played a role in the rise of quantum theory in the 
United States after Kemble's first foray. One was the multiple effect of 
World War I on the scientific community, for example, in bringing 
together working teams, in enlarging the support structure, and in 
demonstrating the need for research both in the physical sciences and 
in applied mathematics.

The second major factor was the cumulative impact in the United 
States, from 1920 on, of the persuasive, experimentally certified suc
cesses of the Bohr-Sommerfeld atom and of Einstein's General Relativ
ity, added to the triumphs of the theories of black body radiation and 
specific heats. These drove home the lesson throughout the commu
nity in the United States that a career in theoretical physics was in 
every way as serious and fruitful an endeavor as had been the pursuit 
of experimental phenomena in the laboratory—in short, that "science 
walks forward on two feet, namely theory and experiment," as Milli
kan put it in 1924 in the first sentence of this Nobel lecture.^

A third essential factor was an act of will among the better-trained 
young Americans to take on leadership roles in their profession in 
order to help one another raise the level of research in theoretical as 
well as experimental physics. An example of this spirit comes through
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in 1. 1. Rabi's recollections contained in the recent biography by John
S. Rigden. While on a fellowship in Europe in the mid-1920s, Rabi 
"chafed under the general contempt toward American physics," par
ticularly the scorn of Arnold Sommerfeld. Rabi saw that at the level 
below a Bohr, a Pauli, a Stern, or a Heisenberg, Americans were 
"equal to or better than the best," and he concluded: "What we needed 
were the leaders." Right then and there, Rabi, Edward Condon, and 
Robert Robertson "promised one another that they would put an end 
to the second-class status of American physics."^ The European expe
rience at the time seems to have had a similar effect on other Ameri
cans, such as Oppenheimer.

But all this lay in the future. During the transition years, from the 
middle of 1917 to the very early 1920s, this is how matters stood: the 
puzzles concerning the dualistic nature of matter and radiation, as well 
as their interaction, were not resolved. The likelihood—so ominous to 
many—was increasing that essential discontinuity and inherent prob
abilistic would have to stay on as fundamental themata, threatening the 
ancient assumption that all causal interactions are continuous. Indeed, 
these matters were getting more intractable, waiting for the new ap
proaches that would soon culminate in the rise of quantum mechan
ics.^

Planck, who had helped give Millikan early prominence and whose 
book had introduced Kemble to the quantum, was yielding intellectual 
dominance to Einstein, Bohr, and other, younger theoreticians. Milli
kan, having beaten back all challenges to his work on the photoelectric 
effect, but not yet being fully reconciled to his unintended verification 
of the quantum theory of light, was about to consolidate his entry into 
the pantheon of great American experimenters. Within a very few 
years he would found the institute in Pasadena that under his leader
ship became one of the greatest breeding grounds for fundamental 
experimental advances to be found anywhere but that also supported 
high theory. And by a curious symmetry, Kemble, becoming Har
vard's first faculty appointee in the held, moved into position on the 
opposite coast, eager to build in Cambridge, right in the stronghold of 
experimentation, one of the major schools of theoretical physics. In 
the department's letter of invitation, Bridgman (March 16, 1919) 
called on Kemble's "old-time idealistic ambition" to accept (despite a 
low starting salary) a clear local and national mandate: "If we can get
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the courses [two and a half advanced courses on theoretical physics, 
including quantum theory] well given, it ought to put Harvard pretty 
near the top in this country. What is more, it is a good beginning to 
putting this country on the map in theoretical physics."

That programmatic phrase, "a good beginning to putting the coun
try on the map in theoretical physics," also summarizes well the out
come of Kemble's solitary labors of 1916—17. Taken by themselves, 
they had not been in a class with the groundbreaking advances being 
made in Europe at the time. But his work demonstrated the emer
gence, on this side of the ocean, of the venturesome spirit that was 
prerequisite for making such advances in quantum theory. It 
countered the reigning hesitancy about embracing quantum ideas and 
put Kemble in a position of taking a leadership role during the transi
tion period. He threw himself into the new missionizing task laid out 
by Bridgman with all his energy through his research,^ through his 
meticulously prepared courses, and above all through his thesis super
vision. Between 1922 and 1935, the twenty-six dissertations by Kem
ble's students, and by tAw students, represented about one-third of all 
theoretical physics dissertations completed during that period in all 
United States institutions.^ He also taught a number of advanced 
courses to undergraduates who were to become influential in physics, 
including Robert Oppenheimer.

Elsewhere in the country, the momentum was also gathering, with 
more than a dozen physics departments building up centers for theo
retical research in the 1920s.^ Some Europeans were not aware of the 
activity or had written off this part of the world as being averse to 
theory. But when the time came for quantum mechanics, from the 
mid-1920s on, to transform physics once more, the ground had been 
laid for the participation of the United States as a full member. As 
John H. Van Vleck, who had been Kemble's first Ph.D. student, put it 
so graphically,^  "Although we did not start the orgy of quantum 
mechanics, our young theorists joined it promptly."

NOTES

1. The proceedings were published as P. Langevin and M. de Broglie, LA 
T H t o m r  D u  R A Y O N N E M E N T E T  DES Q u A N T A  (Paris: Gauthier-Villars, 1912).

2. A. H. Compton, A Quantam TAgory o/* tAg Scarring q7 V-rays Ay LigAt
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w.gHts, PHYSICAL REVIEW, 21:297, 1923 (abstract of talk given on Dec. I, 1922, at 
the American Physicai Society), and tAt'd., 483-502. "By the time Compton 
finaiiy enunciated his quantum theory of scattering, he had expiored every 
modification of classical electrodynamics known to man at the time," according 
to Roger H. Stuewer, THE COMPTON EFFECT: TURNING PoiNT IN PHYSICS (New 
York: Science History Publications, 1975), p. 223. Emphasis in original.

3. Thus, as reported by S. S. Schweber, TAe Ttŵ AricMt Temper RegwntC TAeo- 
reticafPAyst'cs in tAe T/wted States, 7920-7930, HISTORICAL STUDIES IN THE PHYSI
CAL SCIENCES, 17:55—56, 1986, as late as the spring of 1927, when E. U. Con
don visited P. A. M. Dirac in Gottingen, he asked Dirac if he would like to visit 
America, and received this reply: "There are no physicists in America." R. T. 
Birge, commenting on that response at the time, added: "That is worse than 
Pauli, who I understand credits America with only two." The work of Josiah 
Willard Gibbs was then widely appreciated, but Gibbs had died twenty-four 
years earlier.

4. For an exhaustive study of the relative standing of various Western coun
tries with respect to personnel, funding, and productivity of the academic 

establishment, see Paul Forman, John L. Heilbron, and Spencer Weart, PAysfcs 
circa 7900, HISTORICAL STUDIES IN THE PHYSICAL SCIENCES, 5:1-185, 1975, and 

a summary in John L. Heilbron, Aectares on /Ac /7ntory o/ Atomic PAytics, 7900— 
7922, in HISTORY OF TWENTIETH CENTURY PHYSICS, ed. Charles Weiner (New 

York: Academic Press, 1977), pp. 48-52. The academic physics profession in 

the United States in 1900 and 1910 was by many ^Mantdattw indicators not only 

not "backward" but was on a par with, say, Britain and Germany, and in some 

respects was better off and growing more rapidly. For example: Academic 
physicists circa 1900 (all ranks, from professor to assistant) per 10*' of popula

tion: Britain 1.7, Germany 2.9, United States 2.9. Annual investment in aca
demic physics circa 1900, total per academic physicist: about the same in Brit
ain and United States, rather less in Germany. Posts at physics institutes 

(professors and junior faculty): at 25 United Kingdom institutions: 68 in 1900, 
80 in 1910; at 21 German universities: 52 in 1900, 59 in 1910; at 21 United 
States institutions: 68 in 1900, 103 in 1910 (with an estimated 150 advanced 

students in 1900).
However, the one important difference, of special relevance to this discus

sion, is indicated by the number of posts in theoretical and mathematical phys
ics (senior and junior faculty combined) for 1910: Austria-Hungary 9, Britain 
2, France 4, German universities (i.e., excluding Technische Hochschulen) 12, 
Italy 12, UmAed States 1.

For an account of the institutional developments, research, and teaching in 
theoretical physics after 1900 in Germany, see Christajungnickel and Russell
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McCormmach, IN T EL LEC T U A L M A STER Y  OF N A T U R E : T H E O R E T IC A L  PH Y SIC S 

FROM  O H M  T O  E iN S T E iN , vol. 2 (Chicago: University of Chicago Press, 1986), 
chap. 26.

5. The analysis is based in part on interviews in 1962 and 1963 with E. C. 
Kemble by the project .Soarcas /or 77rstory o/ Quantum RAysics, in AroAiwr /or tAg 
77tsfory o/ Quantum RAyue.s, at the American Institute of Physics and other de
positories; discussions with Kemble by K. R. Sopka, P . Galison, and mysetf; 
interviews transcribed and deposited at the American Institute of Physics Cen
ter for the History of Physics with a number of Kembie's contemporaries, 
including E. Feenberg, S. Goudsmit, J. R. Oppenheimer, 1. 1. Rabi, R. S. 
Shankiand, J. C. Slater, H. C. Urey, and J. H. Van VIeck; publications by C. 
Fujisaki, J. L. Heilbron, M. Jammer, D. Kevles, M. J. Klein, T. S. Kuhn, A. 1. 
Miller, A. Moyer, A. Pais, S. S. Schweber, R. H. Stuewer, and others; and the 
letters and manuscripts in Kembie's VacAAns, now deposited, together with the 
transcription of the discussions referred to, at the Harvard University Ar
chives. I have aiso profited from discussions with Kembie's coiieagues and 
members of his family; with A. J. Assmus; and above aii with Katherine R. 
Sopka, on whose exhaustive treatise, Q U A N T U M  P H Y SIC S IN  A M E R IC A , 1920- 
1935 (New York: Arno Press, 1980, and American Institute of Physics, 1988), I 
have drawn extensiveiy. An early version of the material in this chapter was 
presented at the History of Science Society's annua) meeting, October 24, 1986.

6. When not otherwise identified, quotations of Kembie's are taken from 
one of the interviews, discussions, or papers iisted in note 5.

7. John W. Servos, MatA^mahcs and tÂ  RAyricaf Swncas in America, /<M0— 
7930, Isis, 77:611—629, 1986. For example, in 1910 "a one-year course in 
eiementary caicuius was sufficient to satisfy the degree requirements for a 
physics major at Yaie, Harvard, Stanford, California, and Michigan" (p. 616). 
(Of these, only California required that much for a chemistry major.) More
over, the deficiencies were rarely made up fully during postcollege studies. 
Servos points to Michelson and Millikan as eminent scientists whose careers 
were influenced by such a preparation in mathematics.

8. See C. L. Maier, T H E  R O L E  OF SPE C TR O SC O PY  IN  T H E  A C C E PT A N C E  OF TH E  

IN TERN A LLY  ST R U C T U R E D  A T O M , 1860—1920 (New York: Arno Press, 1981), 
p. 531.

9. Soon thereafter published as Aiontic 7'Aaona.s a/ Radiation, SC IE N C E , 

37:119-133, Jan. 24, 1913.

10. R . A .  Millikan, T H E  A U T O B IO G R A P H Y  OF R O B E R T  A .  M IL LIK A N  ( N e w  

York: Prentice-Hall, 1950).

11. /Aid., p. 94. Millikan reports there that he had been impressed by
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Planck's rejection "as compietely untenable the idea that radiation itseif could 
be corpuscular (photonic) in nature, although the emission of radiant energy 
by the atom had to take place discontinuously or quantum-wise."

12. /M ., p. 95.

13 . / M . ,  p. 9 6 .  The BERICHTE DER DEUTSCHEN PHYSIKALISCHEN CESELL- 

SCHAFT for 1 9 1 2  (vol. 10) show that Millikan gave at least two talks on his 
researches, on the charge g and on the photoelectric effect.

14. M. Planck, V O R L E S U N G E N  U BER D IE  T H E O R IE  DER W A RM ESTRA H LU N G

(Leipzig: Barth, 1906), p. 163.

15. M. Planck, V O R L ESU N G EN  UBER D IE T H E O R IE  DER W A R M ESTR A H L U N G , 

2nd ed., rev. (Leipzig: Barth, 1913), p. vii. Planck's Vormwtis dated November 
1912. (Unless indicated otherwise, all translations are mine.) Fritz Reiche, in his 
Q u A N T E N T H E O R iE : IH R  U R S P R U N G  U N D  iH R E  EN TW IC K L U N G  (Berlin: Springer, 
1921), p. 16, was brought, by the near coincidence of Planck's and Millikan's 
value for to exclaim: "Ein wahrhaft erstaunliches Resultat!"

Planck also mentioned Millikan (twice) in his Nobel Lecture of 1920, D i E  

E N T S T E H U N G  U N D  B IS H E R IG E  EN T W IC K L U N G  DER Q U A N T E N T H E O R IE  (Leipzig:
Barth, 1920).

16. For an account of the controversy between Millikan and Ehrenhaft, see 
G. Holton, T H E  S C IE N T IF IC  IM A G IN A T IO N : C A SE ST U D IE S (New York: Cam
bridge University Press, 1978), chap. 2. The battle, by no means over in 1912, 
dragged on for some years more. For example, the recently opened Nobel 
Prize Archives show that although Millikan was nominated for the prize in 
physics regularly from 1916 on, Svante Arrhenius, in the report he prepared 
on Millikan's work for the deliberations of the committee, noted as late as 1920 
that even though most physicists had come to agree with Millikan in the dispute 
with Ehrenhaft, the matter was not yet resolved, and that Millikan should 
therefore not then be recommended for the prize. (I thank Robert Marc Fried
man for providing this information.)

17. Planck, W A R M ESTR A H L U N G  (1906 ed.), p. 162.

18. /M., p. 221.

19. In the 1906 edition Planck had written that "an investigation would be 
required concerning the influence which a movement of the oscillators exerts 
on the processes of radiation" (pp. 220—221). In the 1913 version, he added, 
after the word "oscillators," the phrase "and of the electrons that Hy back and 
forth between them" (p. 204). This idea may have been the forerunner of 
Planck's ill-fated and short-lived "third theory" of 1914, intended to remove 
the quantum altogether from the radiation process of both emission and ab
sorption and to relegate it to the interaction between particles of matter (M.
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Planck, Em^ wrdttd^Rg EormidicrMtig dcr (/MantcnAy/ioiAMC, SiT Z U N G SB E R iC H T E  

DER K d N IG L IC H E N  PREU SSISC H EN  A K A D EM IE DER W lSSE N SC H A FT E N , 28 [1914],
1:918-923; 11:330-335).

M. 1. Klein, TAg RegrtmiMgs q/ IÂ QMtmtMm TAwty, in Weiner, T W E N T IE T H  

C E N T U R Y  P H Y S IC S , discussed Planck's desire to find a connection between A and 
other basic natural constants, without which the quantum might remain only 
an ad hoc hypothesis. Klein first published there Planck's revealing remark in a 
letter to F. Ehrenfest of July 6, t905, that there may be "a bridge" from what 
then was still an "assumption" of the existence of an elementary charge quan
tum <?, "to the existence of an elementary quantum of energy A, especially since 
A has the same dimensions and also the same order of magnitude as ĉ /c" (:A:d., 
pp. 15-16).

20. Milhkan, Atomic TAeonasq^Radiation, pp. 119, 120, 122.

2). /Aid., pp. 120-121, 132.

22. R. A. Milfikan, Scicwti/ic Rcco//cction.s, pp. 56—57, as cited in Robert H. 
Kargon, EAc Conscroatioc Mode; RoAcrt A. MidiAaii and tAc TwntictA-CcntMiy Rev
olution in RAysics, Isis, 68:520, 1977.

23. Atomic EAeories o^Radiation, p. 133.

24. M. Planck, f/Aer die Regrnndnng' des Gesetzes decscAtoarzen StraAinng, A N N A - 

LEN DER P H Y S iK , 37:642—656, 1912. Planck's 1913 book was of course not yet 
available, but Millikan may well have had a preview of it in Planck's lecture 
course in 1912.

25. J. J. Thomson, E L E C T R IC IT Y  AND M A T T E R  (New Haven: Yale University 
Press, 1904), pp. 62-63. Millikan must have been much interested in Thom
son's ideas, first given as the Silliman Lectures during Thomson's visit to 
America, if only because of chapter 4, TAc Atomic Structure o/ Electricity.

26. Millikan, Atomic TAeories o/ Radiation, p. 133.

27. /Aid.

28. Kemble recorded that he took these courses, listed as mathematics 
courses and given by the Mathematics Department: Classical Mechanics (W. F. 
Osgood), Newtonian Potential Functions (B. O. Peirce), Functions of a Com
plex Variable (Osgood, Maxime Bocher), Ordinary Differential Equations 
(Charles L. Bouton), Linear Partial Differential Equations of the Second Order 
("Bouton?"). In addition, he enrolled in eight physics courses: Optics, Electric 
Oscillations and Waves, Kinetic Theory, Thermal Properties, Electron Theory 
(seminar), Electron Theory and Relativity (under Bridgman), Electricity, and 
the course of G. W. Pierce, to be mentioned shortly. On his own, Kemble read 
Gibbs, Christiansen's THEORETISCHE PHYSIK, Jeans's DYNAMICS, Pell's RoTA-
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TIO N A L M E C H A N IC S , Foppl's IN T R O D U C T IO N  TO  M A X W ELL S T H E O R Y  OF E L E C 

T R IC IT Y , a n d  Voigt's K R IST A L LPH Y SIK .

29. Practitioners in theoretical physics, such as H. A. Bumstead, Max Ma
son, and Leigh Page, came somewhat later and were mostly concerned with 
electromagnetism. Apart from Cibbs, who had died in 1903, one of the few 
exceptions to this pattern in the early years of the twentieth century was G. N. 
Lewis at MIT; although primarily a physical chemist, he produced the first 
substantial work on relativity in the United States in 1908, with his student, 
R. C. Tolman; see S. Goldberg, T/M Early Pasj&otMas to Eituirtm  ̂Special TArory 
/MahMty, 7 903-797 / (doctoral thesis, Harvard University, 1968).

30. See Gerald Holton, How iAe / r/Jrr.sow PAy.swaf EaAoraiory Came to Be, P H Y S 

ICS T O D A Y , 37:32-37, December 1984.

31. Benjamin O. Peirce, a member of the Physics Department, taught math
ematics, but he died in 1914.

32. As K. R. Sopka has found, similarly titled courses had begun to be given 
earlier at other institutions, such as MIT (1908-09) and Chicago (1909—10, 
under Millikan); by 1915 there were such courses also at Johns Hopkins, 
Princeton, and Yale. Sopka, Q U A N T U M  P H Y SIC S IN  A M E R IC A , p. 1.94.

33. M. Planck, T H E  T H E O R Y  ot H E A T  R A D IA T IO N  (Philadelphia: Blakiston, 
1914), "authorised translation" by M. Masius of the second edition (1913) of 
Planck's W A R M ESTR A H L U N G . An important difference between the theory there 
presented and the earlier version was that the development now proceeded no 
longer from the statistics of energy elements but from the theory of the 
elementary domains in "state space." For a discussion of the development of 
Planck's ideas, see M. J. Klein, PlancA, EnAo/ty, and Qttawia, 7907-7906, THE 
N A T U R A L  P H IL O S O P H E R , 1:83-108, 1963; H. Kangro, EARLY H IS T O R Y  OF 

P L A N C K 's R A D IA T IO N  LA W  (New York: Crane, Russak, 1976); T .  S . Kuhn, 
B L A C K -B O D Y  T H E O R Y  AND T H E  Q U A N T U M  D IS C O N T IN U IT Y , 1894-1912 (Oxford 
University Press, 1978), particularly pp. 197-222 and 235-254, including the 
controversial interpretation that not until his "second theory" did Planck "allow 
any place at all for discontinuity" (p. 244); Kuhn's defense of this view in 
Eewitmg-PTawcA, H IS T O R IC A L  S T U D IE S  IN  T H E  PH Y SIC A L S C IEN C ES, 14:231-252, 
1984; Abraham Pais, "S U B T L E  Is T H E  L O R D " . . .  T H E  SC IEN C E AND T H E  L iF E  OF 

A L B E R T  E iN S T E iN  (New York: Oxford University Press, 1982), chap. 19; Armin 
Hermann, T H E  G E N E S IS  OF Q U A N T U M  T H E O R Y  (1899-1913) (Cambridge, 
Mass.: MIT Press, 1971); and Jungnickel and McCormmach, INTELLECTUAL 
MASTERY OF NATURE, pp. 213-216, 252-268, 304-319.

In the United States, very few reviews had noted Planck's books of 1906 or 
1913, or its 1914 translation, and these reviews had been mixed. For example,
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35. Interview of Oct. 1, 1963, in SowcM/or History o/ (iMaotom P / ty s re s , p. 2.

36. Masius, in Planck, THEORY OF HEAT RADIATION, p. v.
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something independent from man, something absolute, and the quest for the 
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39. M. P l a n c k ,  P H Y S IK A H S C H E  A B H A N D L U N G E N  UND V O R T R A G E , v o l .  1 
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StraM M M gW O rgaM gO , A N N A LEN  DER P H Y S IK , 1:121, 1900.

40. Planck, Nobel Lecture (see note 15). His language evidences his painful 
state of mind, concerning, e g., the idea that the light quantum would require 
"sacrificing" the chief triumph of Maxwell's theory, "for today's theorist a most 
unpleasant consequence"; the quantum of action announces "something un
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42. M. Planck, Foreword, in N. M. Bligh, T H E  E V O L U T IO N  AND D E V E L O P 

M EN T OF T H E  Q U A N T U M  T H E O R Y  (New York: Longmans, Green, 1926), p .  9.

42. Planck, S C IE N T IF IC  A U T O B IO G R A P H Y , pp. 136, 143-144, 44.

43. M. Planck, letter to R. W. Wood, Oct. 7, 1931, in SourcM /or History o/ 
QMtntfMw PAystcs, Microfilm 66; the original is reprinted in Armin Hermann, 
F R O H G E S C H iC H T E  DER Q u A N T E N T H E O R iE  (1899-1913) (Mosbach in Baden: 
Physik Verlag), pp. 31-32. (A translation of more of this letter is given in note 
85 to Chapter 6.)

A related notion, which also clearly gave Planck concern, was what he 
termed "the hypothesis of elemental chaos f/nord-
HMWg]." On first mentioning it, he added that he is not implying that this 
hypothesis really applies everywhere in nature (W A R M ESTR A H L U N G  [1913 ed.],
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46. E.g., in Einstein's letter to Sommerfeld, in M. Eckert and W. Pricha, Die 
ersten Brie/e AHwf EitMieitM an Arwold .Sommer/eM, PHYStKAUSCHE BLATTER
40:32, 1984, and A. Einstein, ZtoH gcgcwtudrdgctt Stand des Stra/dwtgs/woMrwM, 
PHYSIKALISCHE ZEtTSCHRIFT, 10:185-193, 1909.

47. H. Poincard, L'dy/iotdese des Quanta, DcRNtfRES PENsfES (Paris: Flamma- 
rion, 1913), in the translation by J. H. Jeans with which Jeans ended his book 
REPORT ON RADIATION AND THE QUANTUM THEORY (London: The Electrician, 
1914), p. 90. I use this version because Kemble indicated in his thesis that he 
had access to Jeans's book. Jeans himself was more clearly converted to the new 
physics, writing simply: "The keynote of the old mechanics was continuity, 
natura non /nett .sailm. The keynote of the new mechanics is discontinuity" (dud., 
p. 89).

48. One such relatively rare case was the work of Margaret Calderwood 
Shields, a student of Millikan's, who published her Ph D. thesis research in the 
same year as Kemble, entitled A Dctcmtinadon o/ /Ac Ratio o/ tdo .S/ieri/ir Heats o/ 
Hydrogen at 7#°C and -790°C, PHYSICAL REVIEW, 10:525-540, 1917. It is 
purely experimental, but ends with the sentence: "For hydrogen at — 191°C, *y 
jecomes 1.592, in general accordance with the quantum theory of specific 
heats."

Another case is Karl T. Compton's experimental work, with his professor at 
Princeton, the distinguished English physicist O. W. Richardson, on the photo
electric effect, starting in 1 9 1 2 ,  specifically to test the theories of this effect by 
Einstein and by Richardson (cf. PHILOSOPHICAL MAGAZINE, 2 4 : 5 7 5 - 5 9 4 ,  

1 9 1 2 ) .  See also A. W. Hull, 77if  Afaxtntnn: Ereyuewy X-rays, PHYSICAL REVIEW, 
7 : 1 5 6 —1 5 8 ,  1 9 1 6 ,  finding that "the maximum frequency is given by the quan
tum relation," contrary to the statement in a recent publication by E. Ruther
ford.

49. Brinsmade's thesis, entitled .Studies m die Adsor̂ doTt o/ LigAi Ay GasM and 
CtyniaR, was completed and accepted in 1917.

50. E. C. Kemble, R. T. Birge, W. F. Colby, F. Wheeler Loomis, and Leigh
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Page, MOLECULAR SPECTRA IN GASES, National Research Council Bulletin, 57 
(Washington, D.C., 1926), p. 10, in the introductory chapter by Kemble.

51. N. Bjerrum, dî  tdtraroigw A&ror/iiiotMs/igAirgtt &r Gate, in
FESTSCHRIFT W. NERNST (Halle: Knapp, 1912), pp. 90-98; G&r dif Miiraroien

77. Tsiw direAî  M^sattg drr G ro ssg  v o tt  Ewgrgicqttamî M, V ERH A N D LU N G EN  

DER D EU TSCH EN  P H Y S tK A L tscH E N  GESELLSCHAFT, 16:640-642, 1914; and d?r 
M ^ ra ro tg w  d r r  G a s g  777, V ERH A N D LU N G EN  DER D E U T S C H E N  P H Y -

StK ALISCH EN  G E SELL SC H A FT , 16:737-753, 1914.

52. Lord Rayleigh, Ott fnigt/iwacg Tlamds o/ A/i/iroxititoî iy 77omoggwgotc; 
LigAl; im a 7,gi^r to Pro/. A. Af:<:A<?&om, P H tL o s o P H tC A L  M A G A ZIN E, 5th ser., 
34:410, 1892.

53. A. A. Michelson, Oa tAe A/i/iiicaiiow o/̂ 7n̂ ?/gr̂ tM:̂  MeiAods to S/wtrosco/ac 
MoasMromortb, 77, P H IL O S O P H IC A L  M A G A Z IN E , 5th ser., 34:280-299, 1892.

Because Lord Rayleigh's view on the radiation mechanism continued to be 
embraced by several of the actors in our story, because that view had a genetic 
connection with Michelson's, and because both Miller and Millikan, so impor
tant in this account, were two of Michelson's closest followers, one may be 
forgiven for the suggestion that Michelson may be counted among the spirits 
that attended the birth of quantum physics—if only reluctantly, and without 
ever endorsing an idea apparently so hostile to the conception of light waves. 
See Dorothy Michelson Livingston, T H E  M A ST E R  OF L IG H T : A B IO G R A PH Y  OF 

A L B E R T  A. M IC H E L S O N  (New York: Charles Scribner's Sons, 1973), pp. 301- 
302, for the account of how Niels Bohr, "well aware of Michelson's devotion to 
the wave theory in spite of the popularity of the newer discoveries" in quantum 
physics, used his "tact, not to say cunning" in 1924 to obtain a grating from 
Michelson by implying that its use might help "harmonize the contradictory 
conceptions of light."

54. Probably Bjerrum proceeded independently of similar conceptions ad
vanced by Pierre Weiss, H. A. Lorentz, and J. W. Nicholson. See Kuhn, BLA CK - 

B O D Y  T H E O R Y , pp. 219-220.

55. Wilhelm Burmeister, 7/MtgrsMcAMMgen idw die idb*arotew AAsor/iiiotus/ieAlra
e i t t i g e r  G o re , V ER H A N D L U N G E N  DER D E U T S C H E N  PH Y SIK A LISC H EN  G ESELL SC H A FT ,

15:598-612, 1913.

56. Eva von Bahr, G A er d ie  t d b w o i e  A A ro r/d iom  d e r  G n.se, V ER H A N D LU N G EN  DER 

D E U T S C H E N  PH Y SIK A LISC H EN  G E SELL SC H A FT , 15:710-730, 1150-1158, 1913. 
See also pp. 731—737. Neither von Bahr nor Burmeister referred to Bohr's 
recent publication.

57. The resolution was still fairly primitive, but advances in technique much 
beyond what theory can handle are not always a service. 1 tend to agree with
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Fujisaki's remark, in an essay that contains a brief survey of the work of 
Bjerrum and von Bahr: "It was historically fortunate that vibration-rotation 
bands occurred in double bands. If fine-structure had occurred in advance of 
the development of the quantum theory, it wouid have been very difhcutt to 
speculate as to its physical meaning." Chiyoko Fujisaki, Trow Dos/atttiros to Arat- 
zor, 7. Dgugfô mgut o/* tAg Dudgrsfamdt'ug q/̂  tAg Origin o/̂  /w/ratrod Band Spectra 
(7BB0-7973), HiSTORtA SctENTtARUM, 24:74, 1983.

58. Kembie, TAo DtstriAuhou AwguAtr Voiocitios among Diatomic Gas Mof- 
ccMtos, PHYSICAL REVIEW, 8:689-700, 1916. The paper is dated Aug. 7, 1916, 
and was immediateiy foiiowed, on Aug. 9, by his pubiication, On tAc Orr?/rronec 
o/* TAarmowcs in 7?t/ra-rcd AAsor̂ h'ou Spectra o/* Gases, PH Y SIC A L R E V IE W , 8 :7 0 1  — 

714, 1916. These wouid count iater as the first two of the three parts of his 
Ph.D. dissertation. The main results were undoubtedly presented by Kemble in 
his talk, TAe /n/ra-red AAsor̂ tion Bands o/̂  Gases and tAe A%%dicntion q̂  tAe Qnantnm 
TAeory to Moiectdar Rotation, listed in the Minutes ô  tAe New TorA Meeting of the 
American Physical Society for Dec. 26-29, 1916, as printed in PH Y SIC A L R E 

V IEW , 9:170, 1917.

59. Burmeister, GwfgrsucAuuggu tiAer die nitraroten AAsor̂ tions/ieAtra, p. 609.

60. Parts 1 and 2 are given in note 58. The third part was his typed essay, 
Studies in tAe Abdication o/̂  tAe Quantum BAŷ otAesis to tAe Kinetic TAeory ô  Gases and 
to tAe TAeory o/̂  tAeir 7?t/ra-red AAtor/ihott Bands, dated May 1, 1917. In its In
troduction Kemble wrote: "With this paper and as a part of the dissertation 
submitted by the writer with his application for the degree of Doctor of Philos
ophy, are reprints of two articles [see note 58] which were recently published 
by the writer in the PH Y SIC A L  R E V IE W ." He then summarizes the nonexperi- 
mental portion of the subsequent material as follows: "In the theoretical part of 
this essay the writer proposes (a) to discuss Planck's recent extension of the 
quantum theory to systems having more than one degree of freedom, pointing 
out the simple modification required to bring it into conformity with von 
Bahr's observation on the structure of the infra-red absorption bands of gases; 
(b) to discuss several reasons which indicate that the hypothesis of a zero-point 
energy must be retained though the second form of the Planck quantum the
ory is abandoned, and in particular, to treat the relation of the specific heat of 
hydrogen to this question; (c) to present certain considerations tending to show 
that the behavior of the more complicated molecular systems cannot be ac
counted for by the Planck theory even when modified in the manner indicated; 
(d) to formulate a theory of the asymmetry of the infra-red absorption bands of 
gases."

61. Kemble referred to Planck's second theory as given in the Masius trans
lation of the 1913 book (see note 33) and to its elaboration in M. Planck, Dig
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Q iz a n ie n A y ^ o tA a te J t i r  M o ^ A ^ fw  im f  m g A r^ m : T rg iA e i ts g r a d m , V E R H A N D LU N G EN  DER 

D E U T S C H E N  PH Y SIK A LISC H EN  G ESE L L SC H A FT , 17:407-418, 1915.

62. Kemble reported later in an interview of Nov. 1, 1981, that he felt there 
had been reasons for not bringing in a photon theory of light at the time, one 
argument being that the observed behavior of the dispersion curve in the 
neighborhood of a line fitted the classical theory, and he thought that this 
would be unlikely to be the case also under the photon theory.

As it turned out, Kemble's theory of the relation between the strong and 
weak absorption bands did not fit exactly the observations he made subse
quently. At the time that difference seemed to him small and tolerable, but 
later it became a serious preoccupation. When he returned to these ideas after 
the war, having now studied Bohr's theory, he devoted much of his energy to 
developing his theory further, as shown in his detailed "Lecture Notes" for the 
first course he gave in quantum theory in the fall term of 1919—20 (Physics 
16a). Kemble's first paper using the Bohr theory to explain the small deviations 
of the approximate harmonics as well as the asymmetries in the infrared 
spectra of diatomic gases was published early in 1920 (TAe BoAr TAfory and lAr 
A^roxbnatr A /armomts i n  tA^ /n/ra-md .S'^ctra o/ D:atoma, Gatas, PH Y SIC A L  R E 

V IEW , 15:95-109, 1920).

63. The collaboration also resulted in J. B. Brinsmade and E. C. Kemble, 
/ / a r m o m c t  m  iAa Tw/ra-rrd AAtor̂ hom 3 /M c ira  q ^  Diaiomia Gasas, N A T IO N A L  

A CA D EM Y  OF S C IE N C E S , P R O C E E D IN G S , 8:420-425, June 1917.

64. Kemble, On lAa OccMrranca o/ //ariaomas, p. 714. /Aid., pp. 713—714. Kem
ble tried also to explain the asymmetrical shape of the observed principal 
absorption band spectra, where the high-frequency components were nar
rower and more intense, as being caused by the lowering of the frequency of 
atomic vibration by the expansion of molecules with larger angular velocities. 
Among several other significant contributions in Kemble's thesis are discus
sions of zero-point energy, the specific heats of gases, and the absorption 
spectra of poly atomic molecules.

A succinct and more up-to-date treatment of the chief problems on which 
Kemble worked is provided in Arnold Sommerfeld, A T O M B A U  U ND S t 'L m R A L -  

U N IE N , 3rd ed. (Braunschweig: F. Vieweg, 1922), pp. 505—520, where Kemble 
is cited. The English translation appeared as A. Sommerfeld, A T O M IC  S T R U C 

TU R E  AND SPE C TR A L L iN E S  (New York: E. P. Dutton, 1923), pp. 413-425. Kem
ble himself summarized and updated his findings in the monograph with R. T. 
Birge et al., M O L EC U LA R  SPE C TR A  IN  G A S E S , chap. 1.

65. Mmutas tAa Naie TorA Maah'ng (see note 58).

6 6 . Jeans, R E P O R T  ON R A D IA T IO N .

67. A/bndas o/ lAa AYw TorA Maaimg (see note 58), pp. 169-173.
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68. R. A. Millikan, Radiatiou and Atomic .S7ruc/urc, PH Y SIC A L R E V IE W , 10:194— 
205, 1917. Millikan's greatest praise for Bohr's theory was occasioned by the 
fact that Millikan's calculation of the value of the Rydberg constant, using his 
own measurements of c and A, agreed to within 0.1 percent of its observed 
value: "This agreement constitutes most extraordinary justification of the the
ory of non-radiating electronic orbits" (iAid., p. 202). He may also have noticed 
that Bohr had adopted Millikan's value for c in his first paper on the model of 
the hydrogen atom.

69. These papers were published in S C IE N C E , vol. 46, between Sept. 21 and 
Nov. 23, 1917. An even more negative picture results from reading issues of 
PH Y SIC A L  R E V IE W  between 1913 and mid-1917, the period within which Kem
ble's thesis was in progress. For further documentation of the uncertain prog
ress of Bohr's as well as Planck's ideas in the United States, see Sopka, Q U A N 

TU M  P H Y S ic s  IN  A M E R IC A , particularly pp. 1.49—1.62; and Daniel J. Kevles, 
T H E  P H Y S IC IS T S  (New York: Alfred A. Knopf, 1978), chaps. 6 and 7.

70. Quoted in Sopka, Q U A N T U M  P H Y S IC S  IN  A M E R IC A , p. 1.56. For an analy
sis of the general bewilderment upon the breakdown of mechanical pictures 
and visualizable processes, see Arthur 1. Miller, VtsMaRtaAow Lost and Regained.' 
PAe Genesis tAe Quantum PAeoty in tAe Period 7977-7927, in O N  A E S T H E T IC S  IN 

S C IE N C E , ed. Judith Wechsler (Cambridge, Mass.: MIT Press, 1978).

71. The reactions between about 1915 and 1920 of G. S. Fulcher, G. N. 
Lewis, 1. Langmuir, A. L. Parson, R. A. Millikan, E. Q. Adams, R. C. Tolman, 
A. H. Compton, and William Duane are summarized in Sopka, Q U A N T U M  

P H Y S ic s  IN  A M E R IC A , pt. 1. A possible exception was R. T. Birge.

72. A. L .  Parson, A Magneton PAeoty q/^tAe Structure ô  tAe Atom, S M IT H SO N IA N  

M ISC E LLA N EO U S C O L L E C T IO N , 65:1-80, 1915.

73. A. H. Compton, PAe Size and .S'Aajn: o/ tAe Electron, PH Y SIC A L R EV IEW , 

14:20-43, 1919.

74. Compton, PAe Magnetic Electron, JO U R N A L  OF TH E  FRA N K LIN  IN S T IT U T E , 

92:145—155, 1921. Bohr's conception is mentioned in passing, only to be re
jected.

75. Kemble, Studies in tAe Abdication o/̂  tAe Quantum T/ŷ oiAesis, p. 19. Inci
dentally, it is interesting to note that like Millikan and Kemble, Duane and the 
two Compton brothers cited above were all sons of ministers.

76. /Aid., p. 90. He added: "In view of the fact that the form in which Dr. 
Webster's suggestion would throw the quantum theory gives no explanation of 
the phenomena of photoelectricity, the writer is not greatly surprised at its 
failure when applied to infra-red absorption bands" (iAid., p. 91). Kemble did 
not say where Webster had made his suggestions, but he could well have
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referred to D. L. Webster, Experiments on fAe Emission Qnanfa op CAaracferisfic X- 
rays, P H Y SIC A L R E V IE W , 7:599—613, 1916, which opts for "the laws of classical 
electromagnetics" to explain X rays and mentions Bohr's atom only to indicate 
that Parson's theory is more likely.

77. D. L. Webster and L. Page, A  G EN ER A L SURV EY  OF T H E  PR E S E N T  STA TU S 

OF T H E  A T O M IC  ST R U C T U R E  PR O B L E M , Bulletin of the National Research Coun
cil, 14 (July 1921): 345.

78. /Aid., pp. 345—346. Emphasis in original.

79. W. Duane and F. L. Hunt, O n  X-ray Waoe-EengfA, PH Y SIC A L R EV IEW , 

6:169, 1915.

80. W. Duane, RiawcA's Radiation Eormnia Dednced/rom RZypofAeses Suggested Ay 
X-ray RAenomena, PH Y S IC A L  R E V IE W , 7:143-146, 1916.

81. R. A. Millikan, A Direct Photoelectric Determination opRiancA's h, PH Y SIC A L 

R E V IE W , 7:355, 383, 1916. See also Millikan's first extensive proof of the valid
ity of Einstein's equation for the photoelectric effect, published on June 1, 
1916, in the P H Y S IK A H S C H E  Z E iT S C H R iF T , 7:220, 1916, where he confessed— 
just as he had indicated four years earlier in his talk at Case—that although the 
result of his experiment undoubtedly corresponded exactly with the equation 
("exakt wiedergibt"), "nevertheless, the physical theory behind it appears to be 
completely invalid." In his 1917 book T H E  E L E C T R O N  (Chicago: University of 
Chicago Press), p. 230, Millikan reasserted his rejection. (This contradicts his 
later reminiscence, in his A U T O B IO G R A P H Y , pp. 101 — 102, that he accepted 
Einstein's theory as early as April 1915, a statement Roger H. Stuewer, THE 
C O M P T O N  E F F E C T , p. 88, calls "rather shocking." But the policy of conducting 
experiments that tested Einstein's equahom without accepting the underlying 
theory was then not unusual.)

82. Millikan, A U T O B IO G R A P H Y , pp. 102—103. Still later he went so far as to 
stress that all of the "most notable discoveries" in physics between 1895 and 
1905—including X rays, radioactivity, the electron, "Planck's Quanta," and 
Einstein's relativity and energy-mass relation—merely "supplemented the dis
coveries of the preceding centuries without notably clashing with or contradict
ing any of them." The only exception to this was that the "photoelectric equa
tion had been set up on the definite assumption of an essentially corpuscular 
theory of light" ((Aid., p. 106)—an assumption to which Millikan had been 
unable to give his assent for years.

83. Millikan, Radiation and Atomic -Sirttcfarc. As noted, Kemble may well have 
heard this talk by Millikan.

8 4 .  Millikan, T H E  ELECTRON, p p .  2 3 4 ,  2 3 7 - 2 3 8 .

85. A . Sommerfeld's articles of 1916 in the A N N A LEN  DER P H Y S m  and the
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great book A T O M B A U  U N D  S pE K T R A L L iN iE N  (Braunschweig: F. Vieweg, 1919). 
The volume quickly became the "bible of the modern physicist" (as noted in 
Max Born's letter to A. Sommerfeld, May 13, 1922), except for the antirelativ- 
istic opposition, well described in Helge Kragh, PAc Pine Stmcinrc a/ TVydrogcn 
and tAc GroM SimciMrc o/̂  tAc PAysicj Cornmnnify, 1916-26, H tS T O R tC A L  ST U D IE S IN 

T H E  P H Y S IC A L  S C IE N C E S , 15:67—125, 1985. Kemble's acknowledgment just re
ferred to is to Sommerfeld's articles and appears at the end of Kemble's PAe 
BoAr 7'Aeory. It may of course be argued that Kemble's isolation while writing 
his dissertation was lucky, because if he had seen Sommerfeld's sophisticated 
treatment of the spectroscopic problems, he might well have regarded his own 
approach as too naive and might have lost heart. (I thank A. Pais for this 
observation.)

8 6 .  S o p k a ,  Q U A N T U M  P H Y S IC S  IN  A M E R IC A , p .  1 .5 4 .

87. Millikan, PAe Pieciron and lAr PigAi-Qnant /row: tAc Pxjierimcnlai Point o/* 
Vicio, in LES PRix NOBEL EN 1923 (Stockholm, 1924), p. 1.

The sociological circumstances of scientific progress during periods of rapid 
advance in the first two decades of this century were somewhat different for 
experiment and for theory. That is, with respect to experimental physics, the 
mechanisms of acquisition of sound skills and certification of sound achieve
ment worked well enough in a thinly spread community, i.e., even in the 
absence of many centers of experimental work in the United States as intense 
and populated as, say, the Jefferson Laboratory. A Michelson at Case or a 
Millikan at Chicago, with one or two collaborators, could evidently achieve 
superb results that were endorsed around the world. But major tAeoreticai 
achievements appear to have depended more often on the local availability of a 
critical-size community within which new ideas could be acquired, tested, de
bated, modified, and eventually certified.

8 8 .  John S . Rigden, RABi: S C IE N T IS T  AND C IT IZ E N  (New York: Basic Books, 
1987), p. 36.

89. Even in the elaboration of his 1927 lecture on the Complementarity 
Principle, Niels Bohr could still write in 1928 that "the so-called quantum 
postulate, which attributes to any atomic process an essential discontinuity, or 
rather individuality, completely foreign to the classical theories" is character
ized by "an inherent irrationality." N. Bohr, 7Ar QuantMm Po.sttdatr and tAe 
Recent Development opAtomic PAeoty, supplement to N A T U R E , 121:580, Apr. 14, 
1928. In addition, it is well documented that Bohr, longer than most major 
physicists, continued to be skeptical about the fundamentality of the light- 
quantum concept, for example saying at the 1921 Solvay Conference that it 
"presents apparently insurmountable difficulties from the point of view of 
optical interference." See John Hendry, T H E  C R E A T IO N  OF Q U A N T U M  M E C H A N 
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i c s  AND T H E  B o H R -P A U L i D IA L O G U E  (Dordrecht: D. Reidel, 1984), chap. 3. For 
an account of the history of the physics community's wrestling with the dual- 
istic ideas from 1896 to 1925, see Bruce R. Wheaton, T H E  T iG E R  AND T H E  

SH A R K : E M P IR IC A L  R o o T S  OF W A V E -P A R T icL E  D u A L is M  (New York: Cambridge 
University Press, 1983). For Werner Heisenberg's report that until 1927 many 
in Bohr's circle were in "a state of almost complete despair," because "one 
would argue in favor of waves, and the other in favor of the quanta," see 
DMCMMIOrn tcAA H c t s e n & r g ,  in T H E  N A T U R E  OF S C IE N T IF IC  D ISC O V ER Y , ed. Owen 
Gingerich (Washington, D.C.: Smithsonian Institution Press, 1973), pp. 567, 
569.

90. Kemble regularly published research results in the 1920s and 1930s, 
beginning with the paper mentioned in note 62, and he also published two 
important monographs: M O L EC U LA R  SPE C TR A  IN  G A SES (he had been ap
pointed in 1923, at age thirty-four, to chair the commission preparing the 
report); and the influential survey—the first in the United States—of the new 
quantum mechanics, with E. L. Hill, General Priwci /̂M o/ Quantum AfecAamcs, 
Part I, PH Y S IC A L  R E V IE W , suppl. 1:157—215, 1929; Part II, R E V IE W  OF M O D ER N  

P H Y S IC S, 2:1-59, 1930. This study became the basis for Kemble's widely used 
textbook, T H E  FU N D A M EN TA L P R IN C IP L E S  OF Q U A N T U M  M E C H A N IC S (New York: 
McGraw-Hill, 1937). Indications of some of Kemble's contributions and their 
early visibility among European physicists are given in Sopka, Q U A N T U M  P H Y S 

ICS IN  A M E R IC A , and in Jagdish Mehra and Helmut Rechenberg, T H E  H IS T O R 

ICAL D EV ELO PM E N T OF Q U A N T U M  T H E O R Y , vol. 1 (New York: Springer-Verlag, 
1982).

Among other evidences that quantum physics was being "naturalized," see 
the pedagogically intended synopses starting to appear in 1920, including Ed
win P .  Adams, T H E  Q U A N T U M  T H E O R Y , National Research Council Bulletin no. 
5 (Washington, D.C.: National Research Council, 1920), and L. Silberstein, 
R E P O R T  ON T H E  Q U A N T U M  T H E O R Y  OF SPE C TR A  (L. Hilger, 1920). (Silberstein 
emigrated from Europe in 1920.)

91. Among the persons attracted to work with Kemble were J. C. Slater,
R. S. Mulliken, Gregory Breit, and Clarence Zener. See Sopka, Q U A N T U M  P H Y - 

sics IN  A M E R IC A , p. 4.67. More details are given in the on tAc o/
E&em C. XemMe, H A R V A R D  G A Z E T T E , May 15, 1987, pp. 8-9. For claims con
cerning Harvard's position among the early centers in quantum theory in the 
United States, see John C. Slater, Qi/aritHm PAysics m America Aehceett fAe Wars, 
P H Y SIC S T O D A Y , 21:45, 1968; Friedrich Hund, T H E  H IS T O R Y  OF Q U A N T U M  

THEORY (London: George G. Harrap, 1974), p. 246; and Roger L. Geiger, To 
A D V A N C E K N O W L ED G E (Oxford University Press, 1986), pp. 233—240 (where 
Kemble's role is noted). But the early handicaps for building up a major theo
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retical school at Harvard are hinted at in a reminiscence of Van Vieck: "The 
problem I worked on was trying to explain the binding energy of the helium 
atom by a model of crossed orbits which Kemble proposed independently of 
the great Danish physicist, Niels Bohr, who suggested it a little later. In those 
days the calculations of the orbits were made by means of classical mechanics, 
similar to what an astronomer uses in a three-body problem. The Physics 
Department at Harvard did not have any computing equipment of any sort, 
and to get the use of a small hand-cranked Monroe desk calculator, I had to go 
to the business school." (John H. Van Vieck, American PAysics Comes op Age, 
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187









6 ON THE ORIGINS OF
THE SPECIAL THEORY OF 
RELATIVITY

Continuity or Revolution?
S j E H B  i N S T E m 's  W O R K  in relativity is both typical and special. The rise 
HSf! Wi of relativity theory shares many features with the rise of other 
important scientific theories in our time. But it is of course very much 
more. To find another work that illuminates as richly the relationship 
among physics, mathematics, and epistemology or between experi
ment and theory, or a work with the same range of scientific, philo
sophical, and general intellectual implications, one would have to go 
back to Newton's P R iN C iF iA .  The theory of relativity was a key develop
ment both in physical science itself and in the philosophy of science. 
The reason for its dual significance is that Einstein's work provided not 
only a new principle of physics, but, as A. N. Whitehead said, "a 
principle, a procedure, and an explanation." Accordingly, the com
mentaries on the historical origins of the theory of relativity have 
tended to fall into two classes, each having distinguished proponents: 
the one views it as a mutant, a sharp break with respect to the work of 
Einstein's immediate predecessors; the other regards it as an elabora
tion of then current work, for example, by H. A. Lorentz and Henri 
Poincare.
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ON RELATIVITY THEORY

As we shall see, Einstein's innovation is understood best by super
posing the two views, by seeing the discontinuity of his methodological 
orientation within a historically continuous scientific development.' 
His own comments repeatedly stressed the aspect of continuity. Thus 
he wrote to Carl Seelig on March 11, 1952: "Between the conception of 
the idea of this special relativity theory and the completion of the 
corresponding publication, there elapsed five or six weeks. But [he 
added rather cryptically] it would be hardly correct to consider this as a 
birth date, because earlier the arguments and building blocks were 
being prepared over a period of years, although without bringing 
about the fundamental decision."^ One of our tasks in this chapter will 
be to get some idea of what happened during those years and what— 
or who—helped to bring about the "fundamental decision." How 
large or small was the effect of the work of earlier physicists? Is there 
some strong influence that has so far been overlooked? Indeed, what 
are the sources for a study of the origins of the special theory of 
relativity?  ̂What was the state of science around 1905, what were the 
contributions which prepared the held for the RT, and what did Ein
stein know about them? To what extent was this work consciously 
based on that of Lorentz and Poincare? What was the early reception 
of the RT among scientists? What may we say about the style of Ein
stein's work? What, if anything, in the origins and content of the RT is 
typical of other theories that have had great .impact on science? And 
even, what methodological principles for research in the history of 
science emerge from this case?

CowItMMtfy m EmVem's WorA

When one studies Einstein's early relativity papers and correspon
dence in the larger contextual setting of his other scientific papers, 
particularly those on the quantum theory of light and on Brownian 
motion, which also were written and published in 1905, one is struck 
by two crucial points. Although the three epochal papers of 1905— 
sent to the A N N A L E N  DER P H Y S iK  at intervals of less than eight weeks— 
seem to be in entirely different fields, closer study shows that they 
arose in fact from the same general problem, namely, the fluctuations 
in the pressure of radiation. In 1905, as Einstein later wrote to von 
Laue,** he had already known that Maxwell's theory leads to the wrong
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prediction of the motion of a deiicateiy suspended mirror "in a 
Pianckian radiation cavity." This connects on the one hand with the 
consideration of Brownian motion as weii as with the quantum struc
ture of radiation, and on the other hand with Einstein's more general 
reconsideration of "the electromagnetic foundations of physics" itself.^

One also finds that the style of the three papers is essentially the 
same and reveals what is typical of Einstein's work at that time. Each 
begins with a statement of formal asymmetries or other incongruities 
of a predominantly aesthetic nature (rather than, for example, a puz
zle posed by unexplained experimental facts), then proposes a princi
ple—preferably one of the generality of, say, the Second Law of Ther
modynamics, to cite Einstein's repeated analogy—which removes the 
asymmetries as one of the deduced consequences, and at the end pro
duces one or more experimentally verifiable predictions.

Einstein's first paper on the quantum theory of light opens in a 
typical manner: "There exists a radical formal difference between the 
theoretical representations which physicists have constructed for 
themselves concerning gases and other ponderable bodies on the one 
hand, and Maxwell's theory of electromagnetic processes in so-called 
empty space on the other hand."^ The significant starting point is a 
formalistic difference between theoretical representations in two fields 
of physics which, to most physicists, were so widely separated that no 
such comparison would have invited itself and therefore no such dis
crepancy would be noted. The discrepancy Einstein points out is be
tween the discontinuous or discrete character of particles and of their 
energy on one hand, and the continuous nature of functions referring 
to electromagnetic events and of the energy per unit area in an ex
panding wave front on the other hand. The discussion of the photo
electric effect, for which this paper is mostly remembered, occurs to
ward the end, in a little over two pages out of the total sixteen. The 
prescription for obtaining an experimental verification of his point 
of view is given in a single, typically succinct Einsteinian sentence 
(straight-line relation with constant slope between frequency of light 
and stopping potential for all electrode materials).

In his second paper published in 1905/ Einstein points out in the 
second paragraph that the range of application of classical thermody
namics may be discontinuous even in volumes large enough to be 
microscopically observable. He ends with the equation giving Avoga-
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dro's number in terms of observables in the study of particle motion, 
and with the one-sentence exhortation: "May some investigator soon 
succeed in deciding the question which has been raised here, and 
which is important for the theory of heat!" Significantly, Einstein re
ported the following year  ̂that only after the publication of this paper 
was his attention drawn to the experimental identification, as long ago 
as 1888, of Brownian motion with the effect whose existence he had 
deduced as a necessity from the kinetic-molecular theory. In his Awto- 

Notes he repeats that he did the work of 1905 "without 
knowing that observations concerning Brownian motion were already 
long familiar."^

The third paper of 1905'° is, of course, Einstein's first paper on the 
RT. He begins again by drawing attention to a formal asymmetry, that 
is, in the description of currents generated during relative motion 
between magnets and conductors. The paper does not invoke by name 
any of the several well-known experimental difficulties—and the 
Michelson and Michelson-Morley experiments are not even men
tioned when the opportunity arises to show in what manner th" RT 
accounts for them. At the end, Einstein briefly mentions here, too, 
specific predictions of possible experiments (giving the equation "ac
cording to which the electron must move in conformity with the theory 
presented here").''

"RwolMfiow" os to C&M.s:ca/ Purity

The study of the three papers together reveals the extent to which 
Einstein's RT represents an attempt to solve problems by the /rostuta- 
trorr of appropriate fundamental hypotheses and to restrict those hy
potheses to the most and the .smâ /aV MMmNr possible—a
goal on which Einstein often insisted.'^ In the 1905 paper on the RT, 
he makes, in addition to the two "conjectures" raised to "postulates" 
(that is, of relativity and of the constancy of light velocity) only four 
other assumptions: one of the isotropy and homogeneity of space, the 
others concerning three logical properties of the definition of syn
chronization of watches. In contrast, H. A. Lorentz's great paper" that 
appeared a year before Einstein's publication and typified the best 
work in physics of its time—a paper which Lorentz declared to be 
based on "fundamental assumptions" rather than on "special hypoth
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eses"—contained in fact eleven ad hoc hypotheses: restriction to small 
ratios of velocities u to light velocity c, postulation a priori of the trans
formation equations (rather than their derivation from other postu
lates), assumption of a stationary ether, assumption that the stationary 
electron is round, that its charge is uniformly distributed, that all mass 
is electromagnetic, that the moving electron changes one of its dimen
sions precisely in the ratio of (1—u%^)*^ to 1, that forces between 
uncharged particles and between a charged and uncharged particle 
have the same transformation properties as electrostatic forces in the 
electrostatic system, that all charges in atoms are in a certain number 
of separate "electrons," that each of these is acted on only by others in 
the same atom, and that atoms in motion as a whole deform as elec
trons themselves do. It is for these reasons that Einstein later main
tained that the RT grew out of the Maxwell-Lorentz theory of elec
trodynamics "as an amazingly simple summary and generalization of 
hypotheses which previously have been independent of one an
other."*'*

If one has studied the development of scientific theories, one notes 
here a familiar theme: tAe .so-ca/M rwofMfiow wAt'cA EmVMw M commow/y 
saAf to Aaw Mtfro&tced mto lAe Âysics m 1903 twrws oMf to Ao at Aotfow aw 
o^ort to retMrw to a cta.s.Hcat /w/nty. Not only is this a key to a new evalua
tion of Einstein's contribution, it indicates a fairly general characteris
tic of great scientific "revolutions." Indeed, although it is usually 
stressed that Einstein challenged Newtonian physics in fundamental 
ways, the equally correct but neglected point is the number of method
ological correspondences with earlier classics, for example, with the 
P R I N C I P I A .

Here a listing of some main parallels between the two works must 
suffice: the early postulation of general principles which in themselves 
do not spring directly from experience; the limitation to a few basic 
hypotheses;*  ̂the exceptional attention to epistemological rules in the 
body of a scientific work; the philosophical eclecticism of the author; 
his ability to dispense with mechanistic models in a science which in 
each case was dominated at the time by such models;'^ the small num
ber of specific experimental predictions; and the fact that the most 
gripping effect of the work is its exhibition of a new point of view.

The central problem, moreover, is the same in both works: the na
ture of space and time and what follows from it for physics. Here, the
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basic attitudes have in both cases more in common than appears at first 
reading. That Newton's absolute space and absolute time were not 
meaningful concepts in the sense of laboratory operations was, of 
course, not the original discovery of Mach; rather, it was freely ac
knowledged by Newton himself. But Einstein was also quite explicit 
that in replacing absolute Newtonian space and time with an infinite 
ensemble of rigid meter sticks and ideal clocks he was not proposing a 
laboratory-operational definition. He stated that it could be realized 
only to some degree, "not even with arbitrary approximation," and 
that the fundamental role of the whole conception, both on factual and 
on logical grounds, "can be attacked with a certain right."Thus the 
RT merely shifted the locus of space time from the sensorium of 
Newton's God to the sensorium of Einstein's abstract Ge&tnAcM- 
experimenter—as it were, the final secularization of physics. We shall 
return to this point below.

W AiM aAcr's AccoMMts q/* tAc O r ig d u  q/  ̂ W orA

Not all scholars agree with this view of Einstein's originality within 
an old tradition. Some exaggerate its discontinuity and insist on a 
"revolution." Some—for ideological and other reasons—go the oppo
site way. To illustrate this last point concretely, I turn to a question on 
which a dispute has been active: namely, to what extent Einstein's work 
was not only anticipated by but even specifically based on published 
work by other contemporary physicists. Particularly revealing is an 
essay published in 1955 by Sir Edmund Whittaker.'^ Whittaker's com
mitment to the nineteenth-century tradition of physics and to the 
ether theory was illustrated earlier in his well-known book, A H IS T O R Y  

OF T H E  T H E O R IE S  O F A E T H E R  A ND E L E C T R IC IT Y ,^  and also by his excel
lent contributions in the held of classical mechanics. Moreover, in the 
second volume of the H IS T O R Y , completed in 1953, which carried the 
story to 1926, Whittaker largely dismissed Einstein's paper of 1905 
on the RT as one "which set forth the relativity theory of Poincare 
and Lorentz with some amplifications, and which attracted much at
tention."^

This presentation evoked considerable criticism, some of which we 
now know to have reached Whittaker while his book was still in manu
script, and some of which reached him by the time he composed the
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biographical memoir after Einstein's death in 1955. It is therefore 
noteworthy that in his 1955 necrology for Einstein, Whittaker did not 
change his earlier evaluation. For example, he repeated that Poincare 
in a speech in St. Louis, in September 1904,^ had coined the phrase 
"principle of relativity." Whittaker asks how physics could have been 
reformulated in accordance with "Poincare's principle of relativity," 
and he reports that with respect to the laws of the electromagnetic held 
that this "discovery was made in 1903 by Lorentz," citing a paper by 
Lorentz in the P R O C E E D IN G S  of the Amsterdam Academy of Sciences 
for the year 1903.^ Whittaker shows that "the fundamental equations 
of the aether in empty space" are invariant under suitably chosen (that 
is, Lorentz) transformations, and he concludes with the remarkable 
sentence: "Einstein [in the RT paper of 1905] adopted Poincare's prin
ciple of relativity (using Poincare's name for it) as a new basis for 
physics and showed that the group of Lorentz transformations pro
vided a new analysis connecting the physics of bodies in motion rela
tive to each other.

If we examine Whittaker's analysis closely, it turns out to be an 
excellent example of the effects of a scholar's prior commitments and 
prejudgments. Here is a brief summary of the main findings.

1. Einstein's RT paper of 1905 was indeed one of a number of 
contributions by many different authors in the general held of the 
electrodynamics of moving bodies. In the A N N A L E N  D ER P H Y S iK  alone 
there are eight papers from 1902 to 1905 concerned with this general 
problem.

As we have noted before, Einstein himself always insisted on the 
aspect of continuity. The earliest evidence is in a letter written in the 
spring of 1905 to his friend Conrad Habicht, describing his various 
investigations. In one sentence he describes the developing RT paper: 
"The fourth work lies at hand in drafts [ /icgt im vor] and is an
electrodynamics of moving bodies making use of a of the
theory of space and time; you will surely be interested in the purely 
kinematic part of this work."^ Seelig also quotes a later remark by 
Einstein which gives in one sentence his often repeated attitude: 
"With respect to the theory of relativity it is not at all a question of a 
revolutionary act, but of a natural development of a line which can be 
pursued through centuries."^ In general, he dismissed all talk of revo
lution when applied to his own work or to that of other modern scien
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tists. Such characterization, he causticahy remarked once, gives the 
impression that science progresses by acts "somewhat iike the coM/M 

in some of the smaiier, unstabie republics.
On the other hand, to say, as Whittaker did, that Einstein's relativity 

paper "attracted much attention" is correct only if one neglects the first 
years after publication. For the early period, a more characteristic 
reaction was, in fact, either total silence, or the response found in the 
very first paper in the A N N A L E N  D ER  P H Y S iK  that mentioned Einstein's 
work on the RT: the claim of a categorical experimental of
Einstein's theory. We shall presently study this important fact of his
tory.

2. The paper by Poincare of 1904 which Whittaker cites turns out 
not to enunciate a new relativity principle, but is rather a very acute 
and penetrating though qualitative summary of the difficulties which 
contemporary physics was then making for six classical laws or princi
ples, including what is in effect the Galilean-Newtonian principle of 
relativity. The list given by Poincare is as follows: the Law of Conserva
tion of Energy; the Second Law of Thermodynamics; the Third Law 
of Newton; "the principle of relativity, according to which the laws of 
physical phenomena should be the same whether for an observer fixed 
or for an observer carried along in a uniform movement or transla
tion"; the principle of conservation of mass; and the principle of least 
action.^ Of the principle of relativity Poincare complains that it "is 
battered" by current developments in electromagnetic theory, al
though, he says, it "is confirmed by daily experience" and "imposed in 
an irresistible way upon one's good sense." Poincare's main point is to 
show the need for a new development, the outlines of which he sug
gests in these words: "Perhaps likewise we should construct a whole 
new mechanics, that we only succeed in catching a glimpse of, where 
inertia increasing with the velocity, the velocity of light would become 
an impassable limit."^ Thus he illustrates both the power of his intui
tion and the qualitative nature of the suggestion.

3. It is more difficult to discuss the 1903 paper of Lorentz which 
Whittaker, both in his book and in his memoir, cited specifically as the 
work that spelled out most of the basic details of Einstein's RT of 1905. 
In the first place, this paper does not exist. What Whittaker clearly 
wished to refer to is the paper Lorentz published a year later, in 
1904. *" Since Whittaker was otherwise very careful with the volumi-
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nous citations of references, this repeated slip, which doubles the time 
interval between Lorentz's work and Einstein's, is not merely a mis
take. It is at least a symbolic mistake, symbolic of the way a biog
rapher's preconceptions interact with his material.

4. Whittaker clearly implied that Einstein used Lorentz's transfor
mation equation published in 1904. He therefore chose to neglect two 
ruling kinds of evidence. First, Einstein himself said repeatedly that he 
had not read Lorentz's 1904 paper (for example, "As for me, I knew 
only Lorentz's important work of 1895 . . . but not Lorentz's later 
works and also not the inquiries of Poincare connected with them. In 
this sense my work of 1905 was independent."^' In addition, Einstein's 
contemporaries, such as Sommerfeld,^ agreed—and so did Lorentz 
himself.^" One also must appreciate how difficult it would have been 
for an almost unknown Patent Office employee in a town such as Bern 
to have had direct access to the P R O C E E D tN G S  of the Amsterdam 
Academy in which Lorentz published his 1904 paper. In the Rijksar- 
chief at The Hague, Holland, I found a letter referring to the same 
paper, from Max von Laue, writing from Berlin to Lorentz on Novem
ber 30, 1905 in his capacity as at the Institute for Theoretical
Physics (he was therefore well placed as Planck's assistant): "Since the 
Proceedings of the Amsterdam Academy are here more difficult to 
obtain than other journals—they exist only in the Royal Library, and it 
lends out recent journals only for a day—I take the liberty of express
ing to you the request to send me, if possible, a reprint of your publica
tion, EJectromagwcttc TAcwomewa m a System Afouwg wAA Awy VefocAy 
Smatter TAaw TAat LigAt."^

5. Even if one does not wish to rely on the word of Einstein and
other prominent physicists of his time in this matter, four items of 
internal evidence in Einstein's 1905 paper indicate that he had not 
read Lorentz's of 1904. Einstein does write the transformation equa
tions in a form equivalent to those of Lorentz (or, for that matter, to 
Voigt's of 1887); but whereas Lorentz had assumed these equations a 
priori in order to obtain the covariance of Maxwell's equations in free 
space, Einstein them from the two fundamental postulates of
the RT. He therefore did not need to know of Lorentz's paper of
1904.35

Secondly, as Einstein's other major papers of 1905 show, he was in 
the habit of giving credit in footnotes to the work of others which he
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might be using; the absence of a specific reference to the 1904 paper of 
Lorentz may therefore be taken at its face value, the more so since 
Einstein twice in the text of this same paper refers to Lorentz by name 
in citing the then current electromagnetic theory in the form Lorentz 
had given it in his earlier work, his book of 1895.^ Parenthetically, 
one may also say that it is rather preposterous to suggest that a young 
man of Einstein's temperament and painful honesty, and one who, as 
the letters to Lorentz soon thereafter show, revered Lorentz deeply, 
should knowingly be using, without acknowledgment, an important 
new finding in the recent work of the foremost theoretical physicist in 
this held.^

Next, in the second paragraph of his paper, Einstein recalls that the 
"laws of electrodynamics and optics" have been found to "be valid for 
all frames of reference for which the equations of mechanics hold 
good" to the first order of the quantity v/c. But one of the main points 
of Lorentz's 1904 paper was his claim to have extended the theory to 
the second order of v/c. And a fourth internal evidence is Einstein's 
choice of convention in the expression for force and mass in the dy
namics of charged particles; this choice^ is far less suitable than 
Lorentz's, as Planck was forced to point out in 1906.

6. Quite apart from the question whether Einstein's 1905 paper was 
written independently of Lorentz's is the equally significant fact that 
in a crucial sense Lorentz's paper was of course not on the relativity 
theory as we understand the term since Einstein. Lorentz's fundamen
tal assumptions are not relativistic; as Born says, Lorentz "never 
claimed to be the author of the principle of relativity,"^ and, on the 
contrary, referred to it as "Einstein's Relativitatsprinzip" in his lectures 
of 1910. In Lorentz's essay "The Principle of Relativity of Uniform 
Translation," published in 1922,^ six years before his death, he still 
asked that space be considered to have "a certain substantiality; and if 
so, one may, in all modesty, call true time the time measured by clocks 
which are fixed in this medium, and consider simultaneity as a primary 
concept."^' In his 1904 paper he had postulated the nonrelativistic 
addition theorem for velocities, u  =  V +  M, and even in the 1922 book 
he did not consider the velocity of light as inherently the highest at
tainable velocity of material bodies.

7. Lastly, we note another set of important differences between
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Lorentz's accomplishment of 1904 and what Whittaker implies. Strictly 
speaking, the Lorentz theory of 1904 applies only to small values of 
u/c, since the constant f which is taken to be 1 for small values of 
v/c enters in the first power in the transformation equations for x and L 
Also, Maxwell's equations in the presence of charges are not com
pletely invariant in Lorentz's treatment even at small speeds u, since in 
the primed (moving) system, a term is left over in the expression for 
div'D', namely, div'D' = [1 — (uM̂ '/ĉ )]p', as compared to divD =
We have already noted the number of ad hoc hypotheses which 
Lorentz was forced to introduce, and which robbed the theory of 
electromagnetic phenomena of the generality typical of fundamental 
conceptions.

If one had to summarize the difference between Lorentz's and Ein
stein's relativity physics in a sentence, one might say this: Lorentz's 
work can be seen somewhat as that of a valiant and extraordinary 
captain rescuing a patched ship that is being battered against the rocks 
of experimental fact, whereas Einstein's work, far from being a direct 
theoretical response to unexpected experimental results, is a creative 
act of disenchantment with the mode of transportation itself—an es
cape to a rather different vehicle altogether.

In concluding this section, I return to my earlier point: the detailed 
study of the historical situation is, to my mind, an important first step 
in those discussions which try to base epistemological considerations 
on "real" cases. This is not always done easily, but it is through the dis
passionate examination of historically valid cases that we can best be
come aware of the preconceptions which underlie intellectual products.

T h e last word, however, should go to Einstein himself. In  1953, ju st 

when W hittaker was com posing the second volume o f HtSTORY OF THE 

THEORIES O F AETHER AN D  ELECTRICITY, Einstein's old friend Max 

Born, then  in E dinburgh , saw W hittaker's m anuscript. Having wit

nessed the rise o f  relativity practically from  its beginning, Born was 

astonished and  som ewhat angry about this misleading version. He 

wrote to Einstein in dismay that W hittaker was insisting on publishing 

his version despite the contrary evidence which Born had subm itted 

(including translations from  the G erm an originals o f some relevant 

articles he had  p rep ared  fo r W hittaker). A lthough Einstein was proba

bly som ewhat w ounded, he wrote on October 12, 1953, to reassure 
Born:
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Don't give any thought to your friend's book. Everyone behaves as seems to 
him right, or, expressed in deterministic ianguage, as he has to. If he convinces 
others, that's their probtem. At any rate, I found satisfaction in my efforts, and 
I don't think it is sensibie business to defend my few resuits as "property," iike 
an oid miser who has laboriousty gathered a few coins for himseif. I don't think 
iii of him . . . And I don't have to read the thing. '*'

Poincare's Siience
We now must look at Henri Poincare in more detail. Why did he not 

formulate the relativity theory as we now understand it? Indeed, why 
was he so inhospitable to Einstein's formulation? Poincare was proba
bly technically the best-prepared scientist in the world to understand 
and appreciate Einstein's work. Yet, to the end of his life in 1912, he 
never referred in his scientific publications to Einstein's theory of rel
ativity (and he mentioned Einstein's work on the quantum theory of 
light only once, briefly and in a somewhat derogatory way). This frosty 
silence was no mere negligence; on the contrary, Poincare had under
stood Einstein's message only too well.

The case really belongs to the group of examples of a prominent 
contributor to science seeming to hold back or draw back from the full 
understanding or full exploitation of a great advance that could grow 
out of his own work, or of turning in an apparently unreasonable 
manner against the work of others whom we now know really to have 
been supporters of his own cause. A well-remembered example of the 
first kind is Galileo with respect to the law of inertia, or Planck with 
respect to the quantum theory in its early years. Examples of the 
second kind are Galileo versus Kepler's ellipsi, Dalton versus Gay- 
Lussac's work, and Planck versus Einstein's photon. Poincare's position 
with respect to relativity theory in general, and to Einstein's contribu
tion in particular, is an example fitting both types.

Let us recall Poincare's position. Around 1905, Poincare was simul
taneously Professor of Mathematical Physics, of Astronomy, and of 
Celestial Mechanics at the University of Paris. At fifty-one years of age, 
he was at the peak of his immense powers and illustrious career. In the 
report on the Bolyai Prize of the Hungarian Academy of Sciences 
(awarded in 1905), Poincare was called "incontestably the foremost 
and most powerful researcher of the present time in the domain of
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mathematics and mathematical physics."^ And the more cioseiy one 
studies his writings, the more remarkable it seems that he stopped 
short of a full presentation of relativity theory as we know it, and, more 
than that, remained unshakabiy against Einstein's interpretation to the 
end. One could cite again and again passages that are very much what 
Einstein would have written, or even more severe—for example, on 
H. A. Lorentz's work: if Lorentz has succeeded, "it is only by piling up 
hypotheses.'"^

It is not surprising that Einstein and some of his friends of that 
period have repeatedly testified that their reading of Poincare's book 
S C IE N C E  A ND H Y P O T H E S IS  (1902) was an experience of considerable 
influence on Einstein.^ Thus we recall Poincare's denial of absolute 
space,'*' his objection to absolute movement,^ his reference to the 
Principle of Relative Motion^ and to a "Principle of Relativity,"^ 
and his search for invariant forms of physical laws under transforma
tions. In particular, one should read the publication of which Louis de 
Broglie has said: "In a remarkable paper, written before Einstein's 
work and published in the R E N D ic o N T i  D EL C iR C O L O  M A T H E M A - 

T i c o  D i PA L E R M O , where he investigated the dynamics of the elec
tron in a profound manner, he has given the formulas of relativistic 
kinematics."'*'

Poincare went further than Lorentz and denied absolute time and 
the "intuition" of simultaneous events at two different places^— 
although he did not advance to a discussion of simultaneity for events 
observed from differently moving systems. But the existence of the 
ether is almost never doubted, for, like Lorentz, Poincare explained by 
compensation of effects the apparent validity of absolute laws in mov
ing inertial systems, and maintained the privileged position of the 
ether."' Nevertheless, he was also forced to make uncomfortable 
qualifications, such as those in LA S C IE N C E  E T  L 'H Y P O T H k S E : "It is to 
escape this derogation of the general laws of mechanics that we have 
invented the ether . . . .  It would be necessary, then, if we did not wish 
to change all mechanics, to introduce the ether, in order that this 
action which matter appeared to experience should be counterbal
anced by the reaction of matter on something. . . . One seems to be 
touching the ether with one's finger."̂ **

There, as in other places, one notes a tentative, indeterminate 
method of argument showing through the beautiful prose at precisely

ORIGINS OF THE SPECIAL THEORY OF RELATIVITY

203



ON RELATIVITY THEORY

those places where Poincare must in fact have felt in greatest trouble. 
A significant example is his discussion of time and simultaneity, where 
he toys with defining a uniform time by going back to a Newtonian 
sensorium of "an infinite intelligence," "a sort of vast consciousness 
which can see all and locate all m as we classify, m oMr hmc, the
little we see."^ He rejects it because this infinite intelligence, "even if it 
existed, would be for us impenetrable"—but he does not know what 
else to put in its place. In the end, Poincare remains suspended be
tween relativism and absolutism. Why?

Such a question has an answer in two parts, one specific for the case 
in hand, the other general. As to the former, Poincare was by nature 
and talent a gradualist. In one of the last lectures (April 11, 1912), he 
summarized his preferred program (while confessing that it is not 
always a possible one) in these words: "The older theories depend 
upon the coincidences of so many numerical results which cannot be 
attributed to chance. We should not separate what has been joined 
together. We could not break their frames, only try to stretch them 
apart."56

Similarly, in another paper, eight years earlier (in 1904), he had 
given a program for "a more satisfactory theory of the electrodynamics 
of bodies in motion": "Let us take, therefore, the theory of Lorentz, 
turn it in all senses, modify it little by little, and perhaps everything will 
arrange itself."^

Moreover, Poincare's gradualism was appropriate and successful, 
entirely in keeping with the style of work that characterizes one of the 
two main types of major contributors. For on the one hand there are 
those who, like Einstein, point out and open up large areas of igno
rance and fruitful new work. And on the other hand there are those 
who succeed in bringing long-standing problems to a higher stage of 
completion. Poincare's work in physics is of the second kind. His 
strength is again and again to rescue the physics of Newton, of Max
well, of Lorentz.

Thus his first great prize, in 1889, came to him for work on the 
three-body problem. In it he answered the long-standing question, 
"Can the law [of gravitation] of Newton by itself explain all the as-
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tronomical phenomena?" with "Yes, to a very high probability."^ His 
work included improvement of the solution concerning the stability of 
Saturn's rings. It was Poincare who had brought Maxwell's work to 
France (1888) and who saw his own main contribution to relativity 
theory explicitly to be the perfection of Lorentz's theory. He had 
shown in 1900 how the introduction of an electromagnetic momen
tum, transported by the ether, would rescue both the Law of Conser
vation of Momentum and Lorentz's theory, not to speak of giving a 
purpose to the ether. Later, the introduction of the ether's pressure on 
electrons (to account for their stability and deformation) provided for 
it still another task.

Poincare was, in short, the brilliant conservator of his day.^ In his 
formulation, most of the bothersome questions of the relativity of time 
and simultaneity did not have to be raised. Classical physics remained 
the safe rock upon which necessary modifications were to be built. 
Without denigrating Poincare's enormous accomplishments, we may 
say that he saw the problematic state of current physics as primarily 
revolving about experimental difficulties, and therefore involving 
neither epistemological nor fundamentally different theoretical re
orientation; least of all did it require the abandonment of ether 
physics. This is, of course, directly antithetical to Einstein's view of the 
matter at about the same time. For him, the new experimental findings 
did not cause a "crisis," nor did they provide more than suggestions for 
the new orientation needed.

A second part of the answer has been sought in Poincare's conven
tionalist epistemology. Theo Kahan pointed (somewhat as deBroglie 
did in SA V A N TS E T  D k c o u v E R T E S ) ^ °  to "his conventionalist philosophy 
which granted the laws of geometry and physics at most the nature of a 
useful convention without a meaning of deeper reality."^' 1 do not 
disagree that this played a role, but 1 am struck as forcefully by an 
apparently quite unrelated, different trait in Poincare, namely, that he 
insisted repeatedly that the relativity principle is simply an cx̂ cwMcwtat 
/act.

Thus, in the essay L'L^acc ct L he wrote, "The principle of
physical relativity," applicable to approximately isolated mechanical 
systems, "is an experimental fact, for the same reason as the properties 
of natural solids, and as such it is susceptible to constant revision."^ 
And when Poincare came to write the essay La Afcca?M<yMC ct fo/tt/ac, he
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made a very significant confession. The news reached him that the 
results obtained by the great experimentaiist Waiter Kaufmann (1906) 
disproved the relativity theory of Lorentz (as well as that of Einstein). 
To Poincare, the principle of relativity, on which he had based his own 
great work published that same year in the R E N D ic o N T i ,  was im
mediately suspect, and he now wrote: "The Principle of Relativity thus 
does not appear to have the rigorous validity which one was tempted to 
attribute to it."^

Contrary TAcwMta

Einstein, on his side, neither accepted nor disproved Kaufmann's 
claim. As we shall see in detail in the next chapter, with the characteris
tic certainty of a man for whom the fundamental hypothesis is wo! 
contingent either on experimental or on heuristic (conventionalistic) 
choice, Einstein waited for others to show, over the next several years, 
that Kaufmann's data did not have an unambiguous interpretation— 
and indeed that the experimental apparatus had been flawed by an 
inadequate vacuum system.^ For the crucial difference between Ein
stein and Poincare was that Einstein had fully embraced relativity, by 
elevating what he called in his 1905 paper his VermMtMKg [conjecture], 
namely the Principle of Relativity, to the status of a VoraMSsetzMng 
[postulate]. To him it was evidently a thematic proposition or thematic 
hypothesis. And it is precisely such non verifiable and nonfalsihable, 
deep-going thematic hypotheses which are most difficult to advance or 
to accept. They are at the heart of major changes or disputes, and their 
growth, reign, and decay are indicators of the most significant devel
opments in the history of science.

Poincare himself also clearly expressed the role of themata in his 
thinking, for example, in a passage in L A  S C IE N C E  E T  L H Y P O T H k sE : 

"As we cannot give a general definition of energy, the principle of 
conservation of energy signifies simply that there is sowet/ung which 
remains constant. Well, whatever new notions future experiments 
shall give us about the world, we are sure in advance that there will be 
something there which will remain constant, and which may be called 
energy" (emphasis in original).

Thematic positions or methodological themata are guides in the 
pursuit of scientific work, such as the thema of expressing laws of
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constancy, of extremum, or of impotency, or quantification, or Rules 
of Reasoning. The recognition of such thematic differences also heips 
us understand the widespread feeling of paradox or even outrage 
when a new thema is proposed in opposition to the prevafent ones—as 
was, of course, the case with relativity theory. Poincare's silence was 
perhaps his politest response.^

More could be said concerning the fact that it is the mark of a certain 
type of genius to be "themata-prone"—at least for a time. On this 
point, nothing is more revealing than the transcript of the Solvay 
Congress of 1911, where Einstein and Poincare met. The relativity 
theory was no longer an issue. The new topic was the quantum theory. 
It raised new, grave problems; for example, how could one under
stand probabilistic behavior on the atomic scale?

And right there and then, it was Einstein's turn to begin resisting a 
new theme, that of inherently probabilistic behavior. It was now he 
who began to warn that one should not feign a hypothesis located so 
far from the contingent plane. The next chapter in the history of 
science, from the point of view of thematic analysis, had opened.

Beyond Potwcaw and Torentz; A D:g*res.sMn

The methodological themata fundamental to the Einsteinian ad
vance in the first decade of our century—those were precisely what 
Lorentz, Lodge, Poincare, Larmor, and so many others could not ac
cept. It will be illuminating to digress briefly to consider their predica
ment.

Until Einstein, the postulate of relativity had been built into a physics 
resting on some principle of the unattainable but underlying Absolute. 
In Newton's work, relativity was made understandable and respectable 
by pointing to a curtain behind which, in the sensorium of God, the 
finally unknowable absolutes of space and time were said to be hidden. 
God moved bodies, whose merely relative motion was all we could see, 
as a hidden puppeteer moves objects that act out his thoughts. In 
nineteenth-century physics, including that of Poincare and Lorentz, 
the ultimate ground of explanation shifted to the undiscoverable 
ether, which thereby took the place of the essentially unknowable 
Deity of the previous two centuries as the repository of unaskable 
questions. What Einstein did in 1905—with his brash sentence declar-
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ing the ether to be "superfluous" as a result of elevating the principle 
of relativity from a heuristic conjecture to a fundamental proposi
tion—was to pull up the curtain and to announce that there was noth
ing at all behind it.

The demand that absolutes in science should be considered to be 
meaningless, that the ether, the last refuge of inscrutable reality, be 
abandoned, was too overwhelming for most scientists at the time. 
Their writings show what outrage was being committed on their own 
thematic orientation, and perhaps nowhere more clearly than in the 
paper T/te CcomftrMahow o/ P/tyszc.s by Sir Oliver Lodge as late as 1921. 
In that critique of relativity theory he wrote:

To summarise, then:
In such a system there is no need for Reality; only Phenomena can be 

observed or verified: absolute fact is inaccessible. We have no criterion for 
truth; all appearances are equally valid; physical explanations are neither 
forthcoming nor required: there need be no electrical or any other theory of 
the constitution of matter. Matter is, indeed, a mentally constructed illusion 
generated by local peculiarities of Space. It is unnecessary to contemplate a 
continuous medium as a universal connector, nor need we try to think of it as 
suffering modification transmitted from point to point from the neighborhood 
of every particle of gravitational or electrified matter: a cold abstraction like a 
space-time manifold will do all that is wanted, or at least all that the equations 
compel. And, as a minor detail, which will bring us to the point, it is not 
necessary to invoke a real FitzGerald contraction in order to explain the result 
of the Michelson Experiment.

. . . Undoubtedly general relativity, not as a philosophic theory but as a 
powerful and comprehensive method, is a remarkable achievement; and an 
ordinary physicist is full of admiration for the equations and the criteria, bor
rowed from hyper-Geometers, applied by the genius of Einstein, and ex
pounded in this country with unexampled thoroughness and clearness by Ed
dington. But notwithstanding any temptation to idolatry, a physicist is bound 
in the long run to return to his right mind; he must cease to be influenced 
unduly by superficial appearances, impracticable measurements, geometrical 
devices, and weirdly ingenious modes of expression; and must remember that 
his real aim and object is absolute truth, however difficult of attainment that 
may be; that his function is to discover rather than to create; and that beneath 
and above and around all Appearances there exists a universe of full-bodied, 
concrete, absolute Reality.''"

It was the last, dying cry against the replacement of the thema of the
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once-created, real universe by that of an ontologicaiiy agnostic uni
verse, the one in which, for better or worse, we have found ourseives 
since 1905.

Scientific relativism is not the only road by which we have come to 
the empty center of the labyrinth. Through statistical mechanics the 
gross behavior of matter was more and more explainable, from mid
nineteenth century on, in terms of the concatenation of large numbers 
of molecules whose individual moment-to-moment behavior was tech
nically too difficult to predict. To this, quantum physics then added 
the recognition that an individual event on the subatomic level (for 
example, the path of an individual photon going through an opening 
in a screen) is unpredictable in principle, rather than merely for rea
sons of computational and experimental difficulty.

And there was yet another route to the establishment in science of 
the selfqustifying existence of individual "events." Roger Cotes, in the 
defense of Newton's P R iN C iP iA  against the Cartesian and Leibnizian 
heresies, wrote:

He who is presumptuous enough to think that he can find the true principles 
of physics and the laws of natural things by the force alone of his mind, and the 
internal light of his reason, must either suppose that the world exists by neces
sity, and by the same necessity follows the laws proposed; or if the order of 
Nature was established by the will of God, that himself, a miserable reptile, can 
tell what was fittest to be done. All sound and true philosophy is founded on 
the appearance of things; and if these phenomena inevitably draw us, against 
our wills, to such principles as most clearly manifest to us the most excellent 
counsel and supreme dominion of the All-wise and Almighty Being, they are 
not therefore to be laid aside because some men may perhaps dislike them . . . 
Philosophy must not be corrupted in compliance with these men; for the order 
of things will not be changed.''"

But it was, and very soon, too. As Alexandre Koyre reminded us,

The mighty, energetic God of Newton who actually "ran" the universe accord
ing to His free will and decision, became, in quick succession, a conservative 
power, an a "Dieu faineant". . . . The infinite Un
iverse of the New Cosmology, infinite in Duration as well as in Extension, in 
which eternal matter in accordance with eternal and necessary laws moves 
endlessly and aimlessly in eternal space, inherited all the ontological attributes 
of Divinity. Yet only those—all the others the departed God took away with
Him.ss
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In this God-empty universe, what is it that one can ultimately en
counter? Heisenberg has written that "changes in the foundations of 
modern science may perhaps be viewed as symptoms of shifts in the 
fundamentals of our existence which then express themselves simulta
neously in many places, be it in changes in our way of life or in our 
usual thought forms." And the shift he singles out is "that for the first 
time in the course of history, man on earth faces only himself, that he 
finds no longer any other partner or foe." In science, too, "the object 
of research is no longer nature in itself but rather nature exposed to 
man's questioning, and to this extent man here also meets himself."^

This, then, is a main trend in the contemporary philosophy of sci
ence, resulting from a merging of two philosophical movements, exis
tentialism and positivism, and it appears to me to underlie the un
easiness expressed by those who see in science a disjunctive and 
alienating component. The physicist and mathematician Hermann 
Weyl expressed a similar conclusion in a moving way:

In existentialism is proclaimed a philosophical position which perhaps is 
better coordinated with the structure of modern scientific knowledge than 
Kantian idealism in which the epistemological positions of Democritus, Des
cartes, Galileo, and Newton appeared to have found their full philosophical 
expression.

.. . When Bertrand Russell and others tried to resolve mathematics into pure 
logic, there was still a remnant of meaning in the form of simple logical con
cepts; but in the formalism of Hilbert, this remnant disappeared. On the other 
hand, we need Mgw, real signs, as written with chalk on the blackboard or with 
pen on paper. We must understand what it means to place one stroke after the 
other. It would be putting matters upside down to reduce this naively and 
grossly understood ordering of signs in space to some purified spatial concep
tion and structure, such as that which is expressed in Euclidean geometry. 
Rather, we must support ourselves here on the natural understanding in han
dling things in our natural world around us. Not pure ideas in pure conscious
ness, but concrete signs lie at the base, signs which are for us recognizable and 
reproducible despite small variations in detailed execution, signs which by and 
large we know how to handle.

As scientists, we might be tempted to argue thus: "As we know" the chalk 
mark on the blackboard consists of molecules, and these are made up of 
charged and uncharged elementary particles, electrons, neutrons, etc. But 
when we analyzed what theoretical physics means by such terms, we saw that 
these physical things dissolve into a symbolism that can be handled according
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to some rules. The symbols, however, are in the end again concrete signs, 
written with chalk on the blackboard. You notice the ridiculous circle/'

In summary: from the beginning to the present day, science has 
been shaped and made meaningful not only by its specific, detailed 
findings, but even more fundamentally by its thematic content. The 
reigning themata until about the mid-nineteenth century have been 
expressed characteristically by the mandala of a static, homocentric, 
hierarchically ordered, harmoniously arranged cosmos, rendered in 
sharply delineated lines as in those of Copernicus's own hand-drawing. 
It was a finite universe in time and space; a divine temple, God-given, 
God-expressing, God-penetrated, knowable through a difficult pro
cess similar to that necessary for entering the state of Grace—by the 
works of the spirit and of the hand. Though not complete knowledge, 
it was as complete as the nature of things admits in this mortal life.

This representation was gradually supplanted by another, particu
larly in the last half of the nineteenth century. The universe became 
unbounded, "restless" (to use the happy description by Max Born), a 
weakly coupled ensemble of infinitely many separate, individually sov
ereign parts and events. Though evolving, it is continually interrupted 
by random discontinuities on the cosmological scale as well as on the 
submicroscopic scale. The clear lines of the earlier mandala have been 
replaced by undelineated, fuzzy smears, similar perhaps to the repre
sentation of the distribution of electron clouds around atomic nuclei.

And now a significant number of scholars, joining those critics who 
have never forgiven science its demythologizing role, seem to fear that 
a third mandala is rising to take precedence over both of these—the 
labyrinth with the empty center, where the investigator meets only his 
own shadow and his blackboard with his own chalk marks on it, his 
own solutions to his own puzzles. And this philosophical threat is 
thought to be matched by the physical threat considered as originating 
from a blind, aimless, self-motivating, ever-growing engine of tech
nology.

It is therefore not surprising that those who think of our culture and 
our persons as caught up by these two tendencies find little comfort in 
the beauty of scientific advances, in the recital of coherence-making 
forces, or in promises that the lamp of science will light the way to a 
better society. Not until their doubts are allayed can they be counted 
on to help make a valid place for science in our culture.
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Influences on Einstein's Early Work

Now that we have disposed of the cfaim that Einstein's work was a 
mere elaboration of Lorentz's and Poincare's, we must, in this hnai 
section, ask whether and what seminal effects others had on young 
Einstein's thoughts as he groped his way to relativity.^ One key ob
servation is that the style of Einstein's seminal first paper of 1905 on 
relativity, Zm EMbodyTMumA Aorprr/'* was markedly different
from what was then current, accepted practice; different, for example, 
from Lorentz's or Emil Cohn's, whose theories of electrodynamics of 
moving bodies were taken quite seriously at the time, for example, by 
Bucherer and Abraham. Nor are there really sufficient clues in the 
literature cited by biographers to help us understand the structure of 
that paper. To look in more detail at a point made in passing before, it 
starts with a curious question: why is there in Maxwell's theory one 
equation for finding the electromotive force generated in a moving 
conductor when it goes past a stationary magnet, and another equation 
when the conductor is stationary and the magnet is moving? After all, 
it is only the relative motion between conductor and magnet that 
counts. Then, without specifically mentioning by name any of the now- 
so-famous experiments, the introductory section of the paper ends by 
dismissing the conceptions of absolute motion and of the ether. There 
follows the crucial section, "Kinematischer Teil," which develops rel
ativistic kinematics through an epistemological examination of the 
concepts of space and time. Only later on comes the treatment of 
Maxwell's equations, and finally, almost as an afterthought, some pre
dictions about electron motion, ending with the equations "according 
to which the electron must move in conformity with the theory pre
sented here." The only one who is given credit for being helpful in 
discussions leading to the writing of the paper is a friend, Einstein's co
worker at the Patent Office and former fellow student, an engineer 
named Michelange Besso.

This was a strange and unique way of writing a paper on electrody
namics in 1905. Max von Laue, one of the first and foremost partisans 
of and contributors to relativity theory, nevertheless confessed to Mar
got Einstein in a letter of October 23, 1959, that he had felt fundamen
tal difficulties for a long time. He wrote that after the publication of 
Einstein's paper in 1905, "slowly but steadily a new world opened
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before me. I had to spend a great deal of effort on it . . .  . And 
particularly epistemological difficulties gave me much trouble. I be
lieve that only since about 1950 have I mastered them." Leopold In- 
feld similarly writes:

The title sounds modest, yet as we read it we notice almost immediately that it is 
different from other papers. There are no references; no authorities are 
quoted, and the few footnotes are of an explanatory character. The style is 
simple, and a great part of this article can be followed without advanced techni
cal knowledge. But its full understanding requires a maturity of mind and taste 
that is more rare and precious than pedantic knowledge, for Einstein's paper 
deals with the most basic problems; it analyzes the meaning of concepts that 
might seem too simple to be scrutinized.^

So, in retrospect, it is not entirely surprising that it took a long 
brooding period for Einstein himself before this remarkable work was 
hatched. But where, when, and from whom might the young man, in 
his isolated position, have obtained some of his point of view, his 
questions, and his method?

There is no contemporaneous draft or manuscript of the 1905 pa
per from which one might learn something of its genesis. However, in 
the Einstein Archive are two notebooks that Einstein kept while still a 
student at the Polytechnic Institute in Zurich during the period 1897 
to 1900. Both are sets of lecture notes taken in the physics course 
given by Heinrich Friedrich Weber, whose special field of work was al
ternating-current technology. One of them is on heat and thermody
namics, the other on technical problems such as liquefaction of gases 
(with detailed drawings), and electricity from Coulomb's Law to induc
tion. But it does not even go to Maxwell's work! And on that hangs 
part of this tale. For what was left out in class was exactly what young 
Einstein was waiting for. The fact that he was thrown on his own 
devices had, as we shall see, some interesting consequences in the 
genesis of relativity theory7^

R e a d i w g  a t  H o m e

As Besso wrote (in his notes of August 1946 for Strickelberg's article 
on Einstein in Switzerland), Einstein came to the Aarau Kanton-School 
in 1896 "with the [then much debated] questions concerning the pal
pability [Grei/AarAeit] of ether and of atoms" in mind. When he went on
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to the Polytechnic Institute, the lectures on physics made no great 
impression; he found his teachers' discussions "self-expianatory." It 
was indeed his professor Weber, who, Besso reports, said once to 
Einstein, "You are a clever feiiow! But you have one fault: One can't 
teii you anything, one can't tell you anything." Cieariy, Weber could 
not. ̂

This circumstance is corroborated by Einstein's classmate Louis 
Kollros:

There was not very much theoretical physics done at the Poly, which was strong 
in mathematics . . . [Weber's] lectures concerning classical physics were lively; 
but we waited in vain for an exposition of Maxwell's theory. We knew that the 
theory was founded in the identity of the transmission of electricity and light, 
and that the work of Hertz concerning electric waves had verified the theory. 
We would have gladly learned more about it. Above all, it was Einstein who was 
disappointed [for, as Einstein recalls in his Attto&togTaj&Aicaf fVota!, it was "the 
most fascinating subject at the time"]. In order to hit this gap, he undertook to 
study on his own the works of Helmholtz, Maxwell, Hertz, Boltzmann, and 
Lorentz.''

Kollros's list of authors reminds us of the famous passage in Ein
stein's which does seem relevant to the question
of early influence shaping the thoughts expressed in the 1905 relativity 
paper. The passage concerns the period 1897-1900: "I entered the 
Polytechnic Institute of Zurich as a student of mathematics and phys
ics. There I had excellent teachers (for example, Hurwitz, Minkowski), 
so that I really could have gotten a sound mathematical education. 
However, I worked most of the time in the physical laboratory, fas
cinated by the direct contact with experience. The balance of the time I 
used in the main in order to study at home the works of Kirchhoff, 
Helmholtz, Hertz, etc."7s

The really interesting part may well be the last, the "etc." Who is 
hiding behind the phrase "et cetera"? Could it be somebody who pre
pared Einstein's way in presenting his relativity theory? We must, of 
course, not dismiss Kirchhoff, Helmholtz, and Hertz, or for that mat
ter Boltzmann, Mach, Poincare, and Lorentz. But these do not suffice 
to explain the form of Einstein's 1905 paper. If someone else exists, we 
should be able to find him.
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First, a look at the others. From June 1902 until October 1909, Ein
stein was at the Patent Office in Bern. According to a manuscript note 
from Besso in the Einstein Archives, the applicant for the position was 
expected to have an "intimate acquaintance with Maxwell's theory."^ 
Einstein qualified on this score by the time he submitted his relativity 
paper in June 1905—of that there is no doubt—and he must have 
known Maxwell's theory earlier.^

Granting that Einstein obviously knew Maxwell's theory by 1905, the 
question remains, through which books did he learn it? It may have 
been by direct study of Maxwell's work, although there is no documen
tary evidence for this. At any rate, direct study would not have been 
the only or even the most important way. Maxwell came to most Ger
man students of physics first through the works of Helmholtz, 
Boltzmann, and Hertz.^ They are in many ways quite different, but 
they have at least one element in common: these presentations of 
Maxwell's theory are quite un-Maxwellian; in different degrees, their 
styles are even further from Maxwell's than from Einstein's paper. On 
this point, a brief word must suffice here. For example, to a contem
poraneous physicist in England and France, Helmholtz's way of think
ing must have looked quite terrifying. Fully half of his introductory 
volume of the L E C T U R E S  O N  T H E O R E T IC A L  P H Y S IC S  is spent on the 
following topics: philosophy and science; physical science; critique of 
the old logic; concepts and their connotations; hypotheses as bases for 
the laws; the completeness of scientific experience and its practical 
significance; and so forth.^

Maxwell's work proper is presented in Volume 5 of Helmholtz's 
L E C T U R E S , issued in 1897. The terminology there is one Einstein used 
to some extent later. What catches our eye is that there is very little 
attention to experimentation. One cannot, for example, find a refer
ence to Michelson's experiments which, after all, were begun at Pots
dam under the sympathetic eye of Helmholtz himself. Even the section 
entitled "The Necessary Properties of the Ether" has no reference to 
experiments. And in the only paper that Helmholtz wrote specifically 
on the subject of Maxwell's theory, called o/ Afaxw f̂.;
TAeory Coac<?rm'wg tAe AfottoM a/ Âe Pare F̂ Aer, there is not a single 
mention of actual experiments.
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What Einstein might have obtained from studying Heimhoitz's ver
sion of Maxwell's theory is first of all a reinforcement of a taste for a 
consciously epistemological approach, and a confirmation that in this 
area the new experiments do not count crucially.

Reading Hertz, whose collected works were available by 1895, and 
whose notation in electromagnetism he used to a large degree, Ein
stein would have seen Hertz's first thorough essay,
F̂ MaFows published in 1884, and the article
significantly entitled Cowcgrw'wg FMw&Mwwtaf FyuaFoiM o/ Ffwfrotfy- 
Mamtcs/br MoumgBodtM of 1890. Even this greatest of experimenters in 
the field of electromagnetism makes no explicit mention of the "ether" 
experiments that later loomed so large in textbooks and other discus
sions of the origins of relativity theory. On the other hand, the main 
effect that a study of Hertz's work might have had upon a reader like 
Einstein is perhaps best characterized by Hertz's own remarks in the 
P R tN C iF L E S  O F M E C H A N IC S : "In general, I  owe very much to the fine 
book concerning the development of mechanics by Mach." It may well 
have been one of many forces urging young Einstein toward Ernst 
Mach. As he said later in his A 'o /cs , Mach's S C IE N C E  OF

M E C H A N IC S  "shook this dogmatic faith" in "mechanics as the final basis 
of all physical thinking. . . . This book exercised a profound influence 
upon me in this regard while I was a student. . . . Mach's epistemolog
ical position . . . influenced me very greatly."^

Fr?nt AiacA

Indeed, it is an ironic circumstance that the state of contemporary 
research physics during the period when the young Einstein began to 
work on special relativity was really not characterized by such a degree 
of dogmatic rigidity as he thought. As Stephen Brush has pointed out, 
the mechanistic view of physical reality was then defended by only a 
"few lonely men such as Boltzmann. . . . The most advanced' and 
'sophisticated' theories were those that took a purely phenomenolog
ical viewpoint: scientific theories should deal only with the relations of 
observable quantities, and should strive for economy of thought rather 
than trying to explain phenomena in terms of unobservable entities."^ 
In short, around 1900 Mach's views were no longer those of an isolated
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fighter, the role in which he rather liked to see himself and in which he 
appeared in his books that young Einstein read.^

No matter how some of the younger physicists of the time wrestled 
with the problems of physics, the use of conceptions developed in 
nineteenth-century physics seemed to them merely to produce failure 
and despair. Something of this flavor comes through in Einstein's cor
respondence, and in a famous passage in his AMtofwgrap/Mcaf Notes:

Reflections of this type made it clear to me as long ago as shortly after 1900, 
i.e., shortly after Planck's trail-blazing work, that neither mechanics nor ther
modynamics could (except in limiting cases) claim exact validity. By and by I 
despaired of the possibility of discovering the true laws by means of construc
tive efforts based on known facts. The longer and the more despairingly I 
tried, the more I came to the conviction that only the discovery of a universal 
formal principle could lead us to assured results.^

It is not too much to say that the new physics they fashioned was first of 
all "eine Physik der Verzweiflung" [a physics of despair]. And here the 
role of Mach as iconoclast and critic of classical conceptions was partic
ularly important; for whether or not Einstein's assessment of the con
temporary scene was right, it is certain that Mach's critical force and 
courage made a strong impression on him, as on so many others.^

An A/wtost Forgottew Feac/ter

We are now ready for a final assault on the problem of the possible 
antecedents of Einstein's work. Neither the shape nor the content of 
Einstein's 1905 paper is adequately explained as a sequel to the chain 
Lorentz-Poincare, or Maxwell-Helmholtz-Boltzmann, or even Kirch- 
hoff-Mach-Hertz. It is, of course, possible that Einstein's 1905 paper 
was a Minerva-like creation with no direct preparatory antecedent. 
And not having found any models in the works of the major con
tributors of the time, we may be tempted to make this assumption, 
even if reluctantly.

But it turns out that we do not have to do this. Working with the 
documents in the Einstein Archives, then still in Princeton, I came 
across a clue that raises the possibility of a quite different and uncon
ventional view of the influences on Einstein's thought processes lead
ing to his 1905 paper. Once, and quite casually, there appears the
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name of a now almost unknown physicist who has not yet been men
tioned here. It is August Foppl—a name vaguely familiar to some 
older German scientists and engineers, but to almost nobody else.

He sounds very much out of place compared to "Kirchhoff, Helm
holtz, Hertz, etc."—so much so that he might well have ended up 
among the "et ceteras" mentioned in the Notes. And
indeed, the search for the role that might be assigned to August Foppl 
starts with little promise: born in 1854, Foppl was, at the age of thirty- 
six, a technical high school teacher and administrator in Leipzig when 
he published his first book, a rather pedestrian little outline of elemen
tary physics. From the first exercise of this Lat/a&M (how rapidly must 
a disc spin to throw off a lightly adhering object?) to the last (explain 
parallel winding in a.c. machines), there is nothing to indicate that this 
man could ever enter our story.

Two years later, now a civil engineer in Leipzig, Foppl published his 
first real book, D A S  F A C H W E R K  tM  R A U M E . The book works up some 
previous essays that Foppl had used for his degree candidacy at the 
University of Leipzig in 1886, and, one supposes, in connection with 
his subsequent task of helping to design the market building of Leip
zig. Yet the book is by no means intended as a mere practical manual. 
On the contrary, Foppl objects to the definition by which Tac/iawA 
usually is regarded as a structure made of solid straight rods, to carry 
loads. "For me it is a purely ideal structure" (p. 3). And in defense of 
this point he plunges into an epistemological digression concerning 
the process and warrant of introducing concepts such as rigid bodies 
or ether, "which by no means in every respect coincide with their 
'realen Urbildern.' "

And then in 1892, Foppl was called to the University of Leipzig to 
teach, of all things, agricultural machinery. As he later confessed 
cheerfully, he knew very little about this subject, so he spent the sum
mer touring factories to find out. His versatile intelligence seems to 
have helped him absorb in a short time enough to enable him to teach 
the course. But this practical subject was not what his mind reached 
out for. And so, perhaps largely out of boredom, he began to write a 
book in his spare time. It became a treatise entitled E tN F U H R U N G  IN  D tE  

M A X W E L L S C H E  T H E O R iE  D ER  E L E K  t R tz tT A T  (Introduction to Maxwell's 
Theory of Electricity), published in 1894. The work was a success: 
upon its publication, it "aroused astonishment in the profes-

218



ORIGINS OF THE SPECIAL THEORY OF RELATIVITY

sion, for at that time the eiectrodynamic considerations of the great 
English physicist, Maxweii, had hardly gained any ground"—to cite 
the introductory essay by the editors of the TcstscAri/i published in 
Foppl's honor on his seventieth birthday, January 25, 1924. "̂ Foppl's 
M A X W E L L  was the ancestor of a series of revisions, known to students of 
electricity as Abraham-Foppl (1904, 1907, 1911), later Abraham- 
Becker (1930), later Becker-Sauter (1958, 1964)—although the origi
nal book by Foppl was very different from all these revised editions.

Foppl's first edition was widely bought, particularly because of the 
author's ability to put Maxwell's theory clearly to engineers. Perhaps as 
a result of this success, Foppl was called in 1894 to the Technical 
University at Munich—the very city in which Einstein was then living, 
still a boy of fifteen—and there Foppl stayed and wrote volubly, al
though as far as I can discover, he never taught from his book on 
Maxwell's theory.

Before we look at Foppl's M A X W E L L , we must size up the particular 
style that characterized his thinking. This is done most simply by con
sidering Foppl's immensely successful next work, the V o R L E S U N G E N  

O B E R  T E C H N ts c H E  M E C H A N tx , published from 1898 on in several parts. 
(The Tatlsc/wi/i!, page vi, notes that up to 1924 nearly 100,000 volumes 
of this work were sold all over the world.) Foppl himself sent seven 
editions through the press, and others after him continued his work.

The foreword of Foppl's M E C H A N tx , dated June 1898, tells us some
thing rather revealing about his special talent as a teacher and writer. 
His students, he confesses, sometimes complain that he "proceeds too 
slowly rather than too fast," but he places very special emphasis on 
laying the foundations carefully. It is almost as if he had a special eye 
for a reader who might not have the benefit of formal lectures on the 
subject, and whose formal background might even have bad gaps.

After the encouraging foreword, the reader comes up against the 
first two sentences of the text, typical in their mixture of straightfor
wardness and discursiveness: "Mechanics is a part of physics. Its teach
ing rests, as does that of all natural sciences, in the last analysis on 
experience." And with this, he turns to a discussion of the meaning of 
the term "experience" [Er/a/trMMgJ. By page 4 he confesses: "It is now, 
of course, no longer a question of mechanics, but a philosophical and 
epistemological question. Its discussion can, however, not be circum
vented in an introduction to mechanics, no matter how, on the basis of
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earlier unfavorable experiences, one may shy away from touching on 
philosophical questions in the exact sciences." Foppl announces that 
his exposition of antimetaphysical and self-conscious empiricism is 
shared by leading scientists generally, and he specifically calls on three 
by name, in whose spirit he believes he is proceeding: Kirchhoff, Hein
rich Hertz (once at Munich University), and Ernst Mach. Indeed the 
volume on dynamics starts with the section entitled "Relative Motion," 
and in the preface Foppl says again: "One will notice that the [early 
part of the volume] is strongly influenced by the work of Mach, which 
made a persistent impression on me."^

We are beginning to see some evidences of the kind of approach to 
physics which would appeal to a young reader with the kind of back
ground, or lack of background, of Einstein in the late 1890's. This 
impression is much reinforced when we now return to Foppl's I N 

T R O D U C T IO N  T O  M A X W E L L 'S  T H E O R Y  O F E L E C T R IC IT Y  of 1894. He 
writes in his foreword that now not only the professional physicist, the 
teacher, and the student in physics, but also "the scientifically trained 
electro-technical engineer^" is attempting to make himself acquainted 
with the foundations of this [Maxwell's] theory in which today one may 
see with great probability the permanent foundation of every physical 
research in this domain. . . . With this there is a recent demand for an 
exposition of Maxwell's theory that is as widely understandable as 
possible, but also scientifically correct."

Maxwell's original work, Foppl reports, is too difficult, and it has 
mistakes or incompletenesses which in the meantime have been re
moved. Boltzmann, he says, has written an exposition, but although 
nothing better of its kind can be done, Foppl sees a need for another, 
different attempt. What Foppl particularly wants to provide is a "clear 
understanding of the concepts and considerations of this theory in 
order to give the reader the ability for his own, unsupervised work" 
["selbstandigen Arbeiten"]—in short, just the kind of book an inter
ested student would want if he were deprived of Maxwell's theory in 
course lectures.^'

In Foppl's book we find six main sections: the first is on vector 
calculus; the second on fundamental electricity (Gauss's Theorem,
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Coulomb's Law, magnetism, induction, et cetera); the third and fourth 
are the usuai extensions (pondermotive forces, vector potentiai, en
ergy relations in the electromagnetic held between stationary conduc
tors). So far, it is all done competently and patiently, but as if it were 
merely a prelude to something else.

Then we come to the fifth main section, which turns out to be of 
particular interest to us. It is entitled Dig DMfrodywamiA Agzcggfgr Lctfgr 
(The Electrodynamics of Moving Conductors, pp. 307-356), and the 
first chapter in it is entitled "Electromotive-Force Induction by Move
ment." The first paragraph in this chapter is "Relative and Absolute 
Motion in Space," and starts in an unusual way:

The discussions of kinematics, namely of the general theory of motion, usu
ally rest on the axiom that in the relationship of bodies to one another only 
relative motion is of importance. There can be no recourse to an absolute 
motion in space since there is absent any means to find such a motion if there is 
no reference object at hand from which the motion can be observed and 
measured. . . . According to both Maxwell's theory and the theory of optics, 
empty space in actuality does not exist at all. Even the so-called vacuum is Riled 
with a medium, the ether.

. . . the conception of space without this content [ether] is a contradiction, 
somewhat as if one tries to think of a forest without trees. The notion of 
completely empty space would be not at all subject to possible experience; or, in 
other words, we would Rrst have to make a deep-going revision of that concep
tion of space which has been impressed upon human thinking in its previous 
period of development. TAc dgcMtow om tAR %wAa)M tAe iw^or-
ta w t o /* tc im c g  o/* o t t r  d m e . (Italics added.

Foppl is not ready to give up the ether or absolute motion, but he 
knows where the physically important problems lie. He continues a 
few lines later in this way: "When in the following we make use of laws 
of kinematics for relative motion, we must proceed with caution. We 
must not consider it as a priori settled that it is, for example, all the 
same whether a magnet [moves] in the vicinity of a resting electric 
circuit or whether it is the latter that moves while the magnet is at rest." 
This, we recall, describes precisely the experimental situation with 
which Einstein's paper starts—and Foppl adds immediately a rather 
familiar kind of Gg&mAgM-experiment: "To decide this question, we 
can consider a third case." He proposes to think of both magnet and 
conductor moving together, with no relative motion between them.

221



Experience shows, he says, that in this case the "absolute motion" in 
itself causes no eiectric or magnetic force in either body. This thought 
experiment is then quickly developed to show that in the previous two 
cases what counts is oniy relative motion.

Later, Foppl goes on to discuss the interaction of moving magnets 
and resting conductors (pp. 314-320), and resting magnets and mov
ing conductors (pp. 321—324). The rest of this section, too, may be 
directed first of all to engineers (unipolar induction, emf for a moving 
conductor, magnetomotive force, motion of a wire loop in a magnetic 
held, et cetera).

There is a rather brief last (sixth) part, a summary of the other 
aspects of Maxwell's work, including electromagnetic waves—again, 
virtually without a reference to the actual ether experiments. But our 
attention stays fixed on the fifth section of Foppl's book; there, and in 
portions of the rest of the book, is the kind of thinking that would 
indeed have appealed to Einstein, and that is in fact far closer to the 
sequence and style of argument of Einstein's 1905 paper than the work 
of any of the others who are more familiar—far more so than the 
books on electromagnetism by Maxwell, Helmholtz, Boltzmann, 
Hertz, or Runge, for example.

ON RELATIVITY THEORY

to Top^/

But before the parallelism with Foppl carries the day, we must ask 
for more evidence. After all, earlier we dismissed the suggestion that 
Einstein built on Poincare's and Lorentz's work of 1904, even though 
there are certain parallels.

We therefore must ask, why did not anyone else who knew Einstein 
intimately confirm in print that Einstein had read Foppl's book? Thus 
I asked my colleague Philipp Frank—the physicist who became Ein
stein's successor at Prague, and his friend and biographer—why he 
had made no mention of Foppl in his book." Frank replied that he 
thought he had mentioned Foppl. I showed him my copy of the biog
raphy in which it was plain that he had not. This was a considerable 
surprise to Frank, but after some thought he referred me to the Ger
man edition of his book.^ In the foreword, Frank explained that this, 
the German edition, was the first complete edition of his manuscript as 
written in 1939—1941 (whereas in the English-language edition the
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publisher had made many cuts). And there, on page 38, Frank wrote 
that during his years as a student at the Polytechnic Institute in Zurich,

Einstein threw himself into the work of these ciassics of theoreticai physics [of 
the late nineteenth century], the lectures of Helmholtz, Kirchhoff, Boitzmann, 
the eiectricity theory of J. C. Maxwel) and H. Hertz, and their exposition in 
the textook of Abraham-Foppl. Einstein buried himself with a certain fanati
cism day and night in these books from which he teamed how one buitds up 
the mathematical framework and then with its help constructs the edifice of 
physics.^

And there is one other guide that teads us to Foppl. There exist, of 
course, dozens of biographies of Einstein—most of them written at 
second or third hand. Here, the archives hetd a surprise for me. I 
knew that a certain Anton Reiser had published an Einstein biography 
in English in 1930,^ when Einstein was still in Berlin. Despite a pleas
ant foreword by Einstein ("the author of this book knows me rather 
intimately . . .  I found the facts of the book duly accurate"), at first 
glance it can hardly be considered a reliable book: for quite apart from 
the suspicious circumstance that no German edition was ever brought 
out, there are also no credentials for the author of the book. No other 
publications by Reiser exist, and a search in the usual sources leads one 
to suspect that he simply does not exist. Now the material in the ar
chives shows that the name Anton Reiser was a pseudonym for Rudolf 
Kayser; and Rudolf Kayser was Einstein's own son-in-law, who had 
proceeded with the biography with Einstein's acquiescence. We return 
therefore to Reiser's obscure and difhcult-to-hnd book with new re
spect—and sure enough, there we find Foppl again: "The scientific 
courses offered to him in Zurich soon seemed insufficient and inade
quate, so that he habitually cut his classes. His development as a scien
tist did not suffer thereby. With veritable mania for reading, day and 
night, he went through the works of the great physicists—Kirchhoff, 
Hertz, Helmholtz, Foppel [sic]."

So we may perhaps feel that the missing signal has been recovered 
from the noise level of the "et cetera." But in a real sense, genius does 
not have predecessors. It would be absurd to claim that Foppl in any 
way "explains" Einstein, or even that there is a simple chain connecting 
Foppl's book and Einstein's relativity theory. No, the proper attitude 
here is exactly Philipp Frank's in the passage cited: from books such as
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these, Einstein learned how one builds up the framework, and then 
with its help constructs the edifice of physics.

In balance we may say the role of Foppl was that he, with Helmholtz 
on the one hand and Mach on the other, reinforced the unique aspects 
that made Einstein's 1905 paper so important (and, for his contem
poraries, so difficult—unlikely though this now seems to a generation 
of physicists brought up on Dirac and Feynman). As the various con
temporaneous treatments of electrodynamics show, in principle a 
great many possible roads were open to Einstein. What Foppl was 
capable of providing, in his role as a force that helped to shape Ein
stein's thought processes as he was fashioning the relativity theory, was 
first of all encouragement to go ahead in a manner so very different 
from that taught to him at school and presented in all the respectable 
books by the foremost physicists. It helps us to understand better what 
to this day remains the most startling part of Einstein's relativity paper: 
a mixture that contains a good share of youthful philosophizing as a 
part of doing physics; the recognition that the fundamental problem is 
attaining the new point of view on the conceptions of time and space; 
the attention to GedanAgM-experiments, and, conversely, a quite low 
interest in the actual detailed experiments which in so many of our 
texts appear to be the point of departure of relativity theory.

And there is also, I believe, some poignancy in the discovery of how 
Foppl may have reached across to Einstein—the book of an "outsider" 
who did not have students to whom to teach its contents in lectures, 
falling into the hands of a student who, regarded as an "outsider" by 
his teachers, was looking to this book for the material and the stimula
tion that he could not get in their lectures.

In this study, we have looked at some documents that Einstein surely 
did not initially mean to be used for historic research. We can never
theless be confident that Einstein would have understood and not 
objected to this purpose. For as he wrote to Besso (November 30, 
1949): "When I write you something, you can show it to anyone you 
like. I have long been above making secrets." And in another unpub
lished manuscript (no. 17, undated, not before 1931): "Science as an 
existing, finished [corpus of knowledge] is the most objective, most 
unpersonal [thing] human beings know, [but] science as something 
coming into being, as aim, is just as subjective and psychologically
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conditioned as any other of man's efforts. . . And that aspect, he 
went on to say, one should certainly "permit oneself also." Happily, he 
and his friends and colleagues have done just that. They have left us 
the record of "science coming into being," and thereby they have en
riched our understanding of scientific work in the larger sense.
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5. Albert Einstein, AtttoAtogrâ Ateai Notes, in Paul A. Schilpp, ed., A L B E R T  

E i N S T E t N :  P H i L O S O F H E R - S c i E N T i S T  (Evanston, 111.: Library of Living Philoso
phers, 1949), p. 47.

6. Albert Einstein, UAer einen tile Praeagang anti Tertoandiang ties PicAtes Ae- 
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of the photon was ad hoc and therefore not fundamental. Writing about earlier 
scientists, he applied the word "revolutionar" to Galileo, but only with respect 
to Galileo's attitude toward dogma and authority (in Einstein's Foreword to 
Galileo Galilei, D IA L O G U E  C O N C E R N IN G  T H E  Two C H IE F  SYSTEM S—PTO LEM A IC 

& C o P E R N ic A N , ed. Stillman Drake [Berkeley: University of California Press, 
1953], p. xviii); and once, in connecting the names of Faraday, Maxwell, and 
Hertz with the "Umschwung" in the nineteenth-century conception underlying 
the idea of the physically real, Einstein wrote that Maxwell had the lion's share 
o f  "dieser Revolution" (Albert Einstein, M E IN  W E L T B IL D  [Frankfurt: Verlag 
Ullstein, 1977], p. 161).

28. Poincare, Prmci î^s o/ A/oiAemaiicai PAy.sic.s, p. 5.

29. /Aid., p. 23.

30. See note 13.

31. Letter of Einstein t o  Carl Seelig, T E C H N is c H E  R U N D SC H A U , 47 (Bern, 
May 6, 1955); also cited in Born, PAysics aw/ Peia/nAty, p. 248.

32. See the footnote on this point by Arnold Sommerfeld in the reprints and 
translations of Einstein's 1905 paper in the Teubner and Methuen editions of 
the collection of essays on the RT (e.g., T H E  P R IN C IP L E  OF R EL A T IV IT Y  [London: 
Methuen & Co., 1923]), or Pauli, T H E O R Y  OF R E L A T IV IT Y , p. 3.

33. In his lectures and publications Lorentz repeatedly gave generous credit 
to the novelty and independence of Einstein's work. See also Lorentz's remarks 
quoted in Ludwik Silberstein, T H E  T H E O R Y  OF R EL A T IV IT Y  (London: Macmil
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lan, 1924), pp. 115—116, and Lorentz's footnote addendum in the 1912 edition 
of his 1904 essay, in H. A. Lorentz et ah, D A S  R E L A T iv iT A T S P R iN z ip  (Stuttgart: 
B. G. Teubner, 1912), p. 10.

34. Lorentz, P/MuoiMfua. At that time, incidentaily, Einstein
probably knew no Dutch and little, if any, English. In a letter to Besso, dated no 
earlier than 1913, Einstein writes: "Ich lerne englisch (bei Wohlwand), langsam 
aber grundlich."

35. This is by no means the only such case in Einstein's early scientific 
career. In fact, his work on thermodynamics and fluctuation phenomena in the 
period 1902—1905 was to a large extent a repetition of available material; as 
Einstein said later, "Not acquainted with the earlier investigations of 
Boltzmann and Gibbs, which had appeared earlier and actually exhausted the 
subjet, I developed the statistical mechanics and the molecular-kinetic theory 
of thermodynamics which was based on the former" (AMfoMogrâ Aical Nofai, 
p. 47). Einstein's unawareness in 1905 of the earlier identification of Brownian 
motion has been referred to previously. Anton Reiser ( A L B E R T  E i N S T E i N ,  A 
B I O G R A P H I C A L  P O R T R A I T  [New York: A. & C. Boni, 1930], p. 5), provides the 
report that at his university Einstein planned to build a device for measuring 
the ether drift, not knowing of Michelson's apparatus; although this earliest 
example is quite understandable in terms of the incompleteness of Einstein's 
training at that point, it illustrates a remark made often about him by his 
friends: that he read little, but thought much.

36. H. A. Lorentz, V E R S U C H  EIN ER  T H E O R IE  DER ELEK TRISCH EN  U N D  O P T I- 

s c H E N  E R S C H E iN U N G E N  IN  BEW EG TEN  K o R P E R N  (Leiden: E. J. Brill, 1895).

37. Einstein later accurately reported that "at the turn of the century, H. A. 
Lorentz was regarded by theoretical physicists of all nations as the leading 
spirit; and this with fullest justification." Albert Einstein, 77. A. Lorentz, 77:s 
CrMtiw Gemus and 77 ts TVrsoKaRy, in H. A. L oR E N T Z , IMPRESSIONS OF His LiFE  

AND W O R K , ed. G. L. de Haas-Lorentz (Amsterdam: North-Holland Publishing 
Co., 1957), p. 5.

38. As remarked by Max von Laue, P irM lg m  Mwd <& N A T U R -

W ISSEN SCH A FTEN , 43:1-8, 1956, in documenting his belief that Einstein did not 
know of Lorentz's 1904 paper.

39. Born, P H Y S IC S  AND R E L A T IV IT Y , p. 248.

40. A. D. Fokker, ed., translated as part 2 of Volume HI of LE C TU R ES ON 

T H E O R E T IC A L  P H Y S IC S  (London: Macmillan & Co., 1931).

41. /M., p. 211.

4 2 .  Whittaker, T H E O R IE S  OF A E T H E R  AND E L E C T R IC IT Y : M O D ER N  T H E O R IE S ,
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p. 31, says Lorentz "obtained a transformation in a form which is exact to aii 
orders of the smaii quantity u/c," although strictiy speaking this is correct oniy 
for free space and relatively smaii vaiues of r.

43. A copy of this tetter is in the Aibert Einstein Archives at Hebrew Univer
sity, Jerusaiem.

44. Gustave Rados, Report .sttr /e PWx Bolyai, B U L L E T IN  DES SCIEN CES 

M A T H kM A T IQ U E S , 30:105, 1906.

45. Henri Poincare, LA V A L EU R  DE LA SCIEN CE (Paris: Ernest Fiammarion, 
1905), p. 187. Poincare had objected previously to the introduction of new ad 
hoc hypotheses in the then current theory of eiectric and opticai phenomena 
(e.g., Henri Poincare, R A PP O R T S  D u  C o N G R k s  DE PH Y SIQ U E  DE 1900, pp. 22- 
23). Lorentz took the objections seriousiy enough to draw attention to them in 
his paper Pleciromagmehc PAenome?:a. There he agreed that "surety this course 
of inventing speciai hypotheses for each new experimental resuit is somewhat 
artificial. It would be more satisfactory if it were possibie to show by means of 
certain fundamental assumptions and without neglecting terms of one order of 
magnitude or another, that many electromagnetic actions are entirely indepen
dent of the motion of the system. Some years ago, I already sought to frame a 
theory of this kind. I believe it is now possible to treat the subject with better 
results." The fact was, however, that the objection against the proliferation of 
hypotheses remained in force against the new paper also.

46. E.g., see Albert Einstein, L E T T R E S  A M A U R I C E  S o L o v i N E  (Paris: Gauthier- 
Villars, 1956), p. viii; unpublished letter of Einstein to M. Besso, 6.3.1952; 
Seelig, A L B E R T  E l N S T E I N ,  p. 69.

47. E.g., Henri Poincare, L A  SC IE N C E  E T  L 'H Y P O tH E S E  (Paris: Ernest Fiam
marion, 1902), p. 1 11; LA V A L EU R  DE LA SCIEN CE, pp. 272-273.

48. See citations in Augustin Sesmat, SYSTEMES DE REFERENCE ET  M OUVE- 

MENTS, no. 486 of A c i u A L i r f s  sc iE N T iF iQ U E S  ET iNDUSTRiELLES (Paris: Her
mann, 1937), pp. 38-40.

4 9 .  P o in c a r e , LA SCIENCE ET L 'liY P o r n fsE , c h a p . 7 .

50. Poincar^, Prmcij&ler AfatAematicaf PAysicr.

51. Louis de Broglie, SAV A NTS E T  D EC O U V ER IE S (Paris: Editions Albin- 
Michel, 1951), p. 50. The reference is to the article Sttr la dynaw:qMe de (Yfeciroa, 
R E N D IC O N T I D EL C lR C O L O  M A T E M A T IC O  Dl PA LERM O , 21:129-176, 1906, which 
was presented by Poincare on July 23, 1905. A short abstract appeared earlier 
in C o M P T E S  R E N D u s , 140:1504-1508, 1905. Einstein's first paper on relativity 
theory appeared in the issue of A N N A LEN  DER P H Y S m  dated September 26, 
1905, and bears the legend "Bern, Juni 1905 (Eingegangen am 30. Juni 1905)."
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52. Poincare, L A  SC IE N C E  E T  L 'H Y P O T H kS E , p .  H I .

53. Sesmat, SYST&MES DE R f lfR E N C E  E T  M OUVEM ENTS, p. 40.

54. Cf. also Poincare, AoLca .sar .sa.s trawm: sc:awhp<yMa.s (1902), quoted in Vito 
Volterra et ai., H E N R I P O IN C A R ^, L 'O E U V R E  SC IE N T IFIQ U E , L 'OEUVRE P H IL O SO - 

P H iQ U E  (Paris: Felix Alcan, 1914), pp. 221-222: "The hypotheses relevant to 
what I have just called forms cannot be either true or false, they can only be 
convenient or inconvenient. For example, the existence of the ether and even 
the independently existing objects are nothing but convenient hypotheses." 
Here Pierre Boutroux adds the query: "Are these conclusions not exagger
ated?" To answer this, we point to the rarity with which Poincare expressed a 
conventionalistic attitude to the existence of the ether, and the seriousness and 
success with which he did regard the ether and its functions. Thus Poincar6  

was even more willing to grant the conventionalistic status of Euclidean geome
try, but he also showed that it was not just a matter of convenience, e.g., in 
L A  S C IEN C E E T  L H Y P O T H fsE , p. 93: "Euclidean geometry, therefore, has noth
ing to fear from fresh experiments." Similarly, in D ER N iER E S P t'.N S fE S  (Paris: 
Ernest Flammarion, 1913), p. 196: "The atoms are anything but a conve
nient figment." The ether, also, was to Poincare not merely "a convenient 
figment."

55. Poincare, L A  V A L E U R  DE LA SCIEN CE, p. 47.

56. Henri Poincare, Las P a p p o rL  & fa m atters at da f'aiAar, JOURNAL DE PHY

SIQUE, 2:360, 1912; and DERNitRES PENS^ES, p p . 219-220.

57. Poincare, Pr:m.:jda.s o/ MatAawmdcal PAy.sic.s, p. 19.

58. Jacques Hadamard, La ProMaine das troL corps, in Volterra, H EN RI P o iN -

CA R 6, p .  8 8 .

59. Charles Nordmann, Hanrt Pomcara, son oattwa sctaMtip̂ Ma—sa pAdosopAfa, 
R EV U E DES D E U X  M o N D E S , series 6 , 11:347, 1912. In this eulogy, Nordmann 
accurately points out that Poincare's work could be considered "as the crown
ing achievement of the centuries of research," and he adds that posterity would 
place Poincare's work on celestial mechanics "side by side with the immortal 
P R iN C iP iA  of Newton." Paul Langevin hit astutely and more clearly the same 
point when he wrote two years later, in La PAysfctam, in Volterra, H E N R I P o iN -  

CARf, p. 170: "[Poincard in 1904] saw with some dismay the unraveling, thanks 
to tools which he himself had constructed, of the old edifice of Newtonian 
dynamics, which he had recently again crowned with his admirable publica
tions on the three-body problem and the form of equilibrium among celestial 
objects."

As we saw in Chapter 5, only at the very end of his life, on encountering
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quantum physics, did Poincare entertain the possibility of a need for funda
mentally new conceptions (e.g., discontinuity).

6 0 .  d e  B r o g l i e ,  SAV A NTS ET  n f c o u v E R T E S ,  p .  5 1 .

6 1 . Theo Kahan, Stir /rs Origtrtcs & 7a tAeorie de la reTaiiaiic resireittle, REV U E 

D 'H lS T O IR E  DES S C IEN C ES E T  DE L E U R S A P P L IC A T IO N S , 1 2 : 1 6 2 ,  1 9 5 9 .

6 2 . Poincare, L'Es/tace ei A ietapj, in DERNiLRES P t.N s fE S , p. 51. The principle 
of relative motion in classical mechanics, which Poincare considered to be the 
exact version of the principle of physical relativity, applies to the entire uni
verse and to ideal solid bodies, and hence is a convention. One can show that 
the principle of relativity that Poincare discusses in LPs^ace is what he referred 
to in 1 9 0 0  as the principle of relative motion and in 1 9 0 4  as the principle of 
relativity of Lorentz. However, Poincare never elevated the latter principle of 
relativity to a convention. 1 recommend Arthur 1. Miller, IM AGERY IN  S C IE N 

T IF IC  T H O U G H T : C R E A T IN G  2 0 T H -C E N T U R Y  PH Y SIC S (Cambridge, Mass.: MIT 
Press, 1 9 8 6 ) ,  chap. 1 , for useful discussions on this point.

63. Henri Poincare, La Mrcamqav el book 3, chap. 2 of S C IEN C E ET

Mf.THODE (Paris: Ernest Flammarion, 1908), p. 248.

64. A full discussion of Lx^eriaiealaf 7a r̂sAgaAoas on 7Ae Mott o/ lAe LArAon is 
given in chap. 7 of H. A. Lorentz, L E C TU R ES ON T H E O R E T IC A L  PH Y SIC S (Lon
don: Macmillan, 1931), Volume III. Summarizing Kaufmann's experiments 
(which were not definitely disproved until the work of Neumann, 1914; and 
Guye and Lavanchy, 1916), Lorentz says: "A number of sources of experimen
tal error can be pointed out. Thus, e.g., the vacuum was not high enough. In 
fact, now and then a spark passed between the plates of the condenser, which 
shows that there was always some ionisation current left between these plates, 
and that, therefore, the homogeneity of the electric held was not above doubt. 
In fine, no definite verdict can be based upon Kaufmann's experiments in 
favour of either theory" (p. 274). (Einstein's reaction to Kaufmann's "disproof" 
is of considerable importance and is discussed in Chapter 7.)

65. Poincare, L A  SC IE N C E  E T  L 'H Y F O T H kS E , p. 195.

6 6 . Additional analyses of Poincare's position will be found in the doctoral 
theses of two of my students: Stanley Goldberg, PAe LarTy Paspoasc to PiasiMa's 
Social PAeory q/*PgTaiiaAy, 7903-7 $7 7.- A Care Siady ia TVaAoaaf Di^Aracas, Har
vard University, 1968, and Susan Presswood Wright, 77eari PoiacarA' A Dew7o -̂ 
mgaial Siady q/̂  77ts PAAasô Aicaf aad ScieaA/ic PAoagAt, vols. 1 and 2, Harvard 
University, 1975.

67. Oliver Lodge, PAp G^omgtrLaAoa q/̂  PAysics, aad 77s Sap^awA Pasts ca tAr 
MicAeTsoa-MorAyPxperbaeai, NATURE 106, no. 2677, 1921.
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6 8 . Roger Cotes, Preface to Newton's M A T H E M A TIC A L P R IN C IP L E S  OF N A T U 

RAL P H IL O S O P H Y  (Andrew Motte trans. of 1729, rev. Florian Cajori [Berkeley: 
University of California Press, 1946]), p. xxxi.

69. Alexandre Koyre, F R O M  T H E  C L O SED  W O R L D  T O  T H E  IN F IN IT E  U N IV ER SE

(New York: Harper & Brothers, 1958), p. 276.

70. Werner Heisenberg, 77M ATtitirg m Contemporary PAysics,
D A E D A LU S, Summer 1958, pp. 103—105.

7 1 . Hermann Weyl, WtMemcAa/i! a& vyrnMiscAe XoiMlraetion dM MeweAems, 
ERA N O S JA H R B U C H  (Zurich: Rhein-Verlag, 1 9 4 9 ) ,  p p .  3 8 2 ,  4 2 7 - 4 2 8 .

72. In addition to the materials given here, I consider other aspects of this 
question in the next three chapters, and in Gerald Holton, T H E  A D V A N CEM EN T 

OF S C IE N C E , AND IT S  B u R D E N S  (New York: Cambridge University Press, 1986), 
chap. 3.

7 3 .  A N N A LEN  D E R P H Y S IK , 1 7 : 8 9 1 - 9 2 1 ,  1 9 0 5 .

74. Infeld, A L B E R T  E i N S T E i N ,  p. 23.

75. But lest we regard the Swiss school as uncommonly behind the times, we 
should recall that the situation was not greatly different at Cambridge Univer
sity, among many others. Ebenezer Cunningham wrote (private communica
tion to Mr. Stanley Goldberg): "You ask about books in use in my early days. 
The Tripos which I took in 1902 hardly dealt at all with Electrodynamics. 
Maxwell's work was too recent and had not reached text-book stage. Abra
ham's book was unknown, though it became the background of my own teach
ing on the subject of my return to Cambridge in 1911. I am tempted to think 
that I really introduced systematic teaching on the subject to Cambridge."

76. Weber's successor, however, was the well-known physicist Pierre Weiss, 
who brought Einstein back to Zurich from Prague in 1912.

77. Louis Kollros, Ermnerttngen ernes XommiAtomen, in Carl Seelig, H E L L E  

Z E IT — DUNKLE Z E IT  (Zurich: Europa Verlag, 1956), pp. 17-31.

78. Einstein, AMtoAiograpAieaf Notes, p. 15.

79. A pamphlet entitled Ertnaentng-en an AlAert A'instem, covering the period 
of his employment at the Patent Office in Bern, and published by that office in 
1965, contains a note by Einstein's colleague, Joseph Sauter, written in 1955. 
Sauter recalled that Einstein was admitted to the post of Technical Expert 
(Third Class) "without possessing the Diploma of Engineering, but as a physi
cist familiar with the theory of Maxwell. That theory was not yet on the official 
syllabus of the Polytechnic Institute of Zurich."

80. There are a number of corroborating statements other than Kollros's 
and Besso's, for example, in a letter to von Laue, sent by Einstein from Prince-
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ton on January 17, 1952, referred to in note 4, above: "In 1905 I already knew 
certainly that Maxwell's theory leads to false fluctuations of radiation pressure 
and, with it, to an incorrect Brownian motion in a Pianckian radiation cavity. In 
my view, one could get around ascribing to radiation an objective atomistic 
structure which, of course, does not fit into the frame of Maxwell's theory."

Another evidence is a youthful essay Einstein wrote for his uncle, Caesar 
Koch, in 1894 or 1895, from which one can deduce that Einstein may have 
read Heinrich Hertz on electrodynamics.

81. It is technically possible that Einstein had seen Henri Poincare's ELEC

TRICITY ET OPTIQUE (Paris: Georges Care, 1890). Volume I, on Maxwell's work, 
was the set of lectures of 1888-1889, published in 1890; Volume II, on the 
work of Helmholtz and Hertz, was the lectures of 1889—1890, published in 
1891. Both works were translated into German and appeared in 1891. Articles 
by Poincare were reviewed in the literature by Minkowski in 1890 and Hurwitz 
in 1896. But I have seen no evidence that Einstein read Poincare's original or 
translated lectures.

82. Although the great experimentalists Helmholtz and Hertz are least 
guilty in this respect, their books on electromagnetism do remind one of the 
pasage by J. T. Merz, in which he compared the scientific spirit in British and 
Continental science: "Continental thinkers, whose lives are devoted to the real
isation of some great ideal, complain of the want of method, of the erratic 
absence of discipline, which is peculiar to English genius. The fascination 
which practical interests exert in this country appears to them an absence of 
full devotedness to purely ideal pursuits. The English man of science would 
reply that it is unsafe to trust exclusively to the guidance of a pure idea, that the 
ideality of German research has frequently been identical with unreality, and 
that in no country has so much time and power been frittered away in follow
ing phantoms, and in systematising empty notions, as in the Land of the Idea; 
but he would as readily admit that his own country is greatly deficient in such 
organisations for combined scientific labour as exist abroad, and that England 
posesses no well-trained army of intellectual workers." A H ISTO R Y  OF EU RO 

PEAN T H O U G H T  IN THE N IN E T E E N T H  CENTU R Y  (London: William Blackwood &
Sons, 1904), Volume I, pp. 251-252.

83. Einstein, AMtofcograj&Afcaf Nofas, p. 21. Besso, writing in late 1947 to 
Einstein, reminds him that in 1897 or 1898, Besso had drawn Einstein's atten
tion to Mach. Einstein's correspondence abounds with references to the in
fluence of Mach in the formative years of relativity theory. For example, in a 
letter of August 8 , 1942, to A. S. Nash, Einstein wrote: "In the case of Mach, 
the influence was not only through his philosophy, but also through his critique 
concerning the fundamentals of physics."
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8 4 . Stephen Brush, T Aermodynam:<:.s aad  Hisfory, T H E  G RA D U A TE JO U R N A L , 

7 : 4 7 7 - 5 6 6 ,  1 9 6 7 .

85. On the contrary, it was Lorentz and Poincare whose styles were coming 
to be out of step with the daring new, nonclassical physics exemplified by the 
Curies, Rutherford, Einstein himself, and at least at one point, even by Planck. 
Thus in an unpublished letter from Berlin (1931) from Max Planck to R. W. 
Wood (kindly made available by Professor Wood's son to the American Insti
tute of Physics Center for the History and Philosophy of Physics, and on 
deposit at their Archives in New York): "Dear Colleague: You expressed re
cently, at our nice dinner at Trinity Hall, the wish that I should describe to you 
more concerning the psychological side of the considerations which led me at 
the time to postulate the hypothesis of energy quanta. Here I want to accom
modate your wish. Briefly put, I can describe the whole effort as an act of 
desperation, for by nature I am peaceful and against dubious adventures. But I 
had been fighting already for six years, from 1894 on, with the problem of 
equilibrium between radiation and matter without having any success; I knew 
that this problem is of fundamental significance for physics; I knew the for
mula which provides the energy distribution in the normal spectrum; a theo
retical explanation, therefore, Aad to be found at all cost, whatever the price. 
Classical physics was not sufficient, that was clear to me. . . .  [Except for the two 
laws of thermodynamics] I was ready for any sacrifice of my established physi
cal convictions. Now Boltzmann had explained that thermodynamic equilib
rium comes about through statistical equilibrium, and when one applied these 
considerations to the equilibrium between matter and radiation, one finds that 
one can prevent the deterioration of energy in radiation by means of the 
supposition that energy is from the beginning forced to remain in certain 
quanta. This was a purely formal assumption, and I did not really think much 
about it except just this: No matter what the circumstances, may it cost what it 
will, I had to bring about a positive result." (Translation by G. H.)

8 6 . Einstein, AMtoAiog'rajdMcai Notes, pp. 51-53.

87. On the important topic of the relation between Einstein and Mach, see 
the next chapter.

8 8 .  B E IT R A G E  ZUR T E C H N ISC H E N  M E C H A N IK  U N D  T E C H N ISC H E N  P H Y S tK  (Ber
lin: Julius Springer, 1924), with essays by some of Foppl's students, including 
Theodor von Karman, Die mittrageade Breite, pp. 114-127; L. Prandtl, EdastiseA 

Aestiaunte Mud eiastiscA aaAestiatade Systeate, pp. 52—61; T. Thoma, NeMzeitiieEe 

HydrodyaaadA Mad j?raAtiscAe TecdaiE, pp. 128—129; S. Timoschenko, DAer die 

Biegaag von Sta&ea, die eiMe Meiae aa/aagfic/:e Nrita:atMag daAea, pp. 74—81; and 
Foppl's two sons, Ludwig Foppl, Bestiatamag derXMicAiasf eiaes Stages aMS ScEtoia- 

gMagsoersMc/tea, pp. 74—78; and Otto Foppl, DreAseAwiagaag/estigAeit Mad BcAtoia-
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von pp. 10—16. As this list atone shows, his
influence was targe, atthough predominancy in technicat mechanics. In 1904 
Foppt made a gyroscopic experiment to measure the rate of rotation of the 
earth, a work "which made him familiar with questions of absotute and retative 
motion." And in 1914 he wrote an essay 17&r Mmd .B t̂wgwtg, a
hetd "in which A. Foppt atready, before Einstein, occupied himsetf with the 
retativity theory, though not with such remarkabte success"—according to the 
editor's introduction in the EMtscAri/i!.

89. Foppt corresponded with Mach, and had the satisfaction tater that 
Mach, in the revised editions of T H E  S C IEN C E or M E C H A N IC S , referred to 
Foppt's contributions; e.g., in the preface to the fourth edition, dated January 
1901, Mach wrote, quite typicatty: "The partial considerations which my expo
sitions have received in the writings of Boltzmann, Foppt, Hertz, Love, Maggi, 
Pearson, and State have awakened in me the hope that my work shatt not have 
been in vain."

90. It is, incidentatty, worth noting that Einstein came to the Zurich Poly
technic Institute initially planning to study engineering, and that both Ein
stein's father and his closest uncle were in electrical engineering and manufac
turing.

91. One idiosyncrasy of the book that interests us is explained in the follow
ing manner: "In this book I have left out citation of sources as a matter of 
principle. . . .  I wanted to write not a Handbook but a LcMwA which should as 
far as possible be cast in one piece. Therefore, I avoided as far as at all possible 
during the writing going back to publications which I had read earlier in order 
that I might not be directly influenced by them. I wanted to be led by the 
developments and results of other authors only insofar as these matters had 
firmly penetrated into my memory and had become an intimate part of my 
own views. In this manner I hoped to attain a more unified and coherent 
exposition of the whole system than would have been possible by going an
other way."

As a consequence, there is a remarkable paucity of explicit references to 
actual experimental situations (of course, none is made to the Michelson or 
other ether-drift experiments).

92. Foppl, E lN F U H R U N G  IN  D IE M A X W E LLSC H E T H E O R IE  DER E L E K T R IZ IT A T ,

pp. 307-309.

93. Philipp Frank, E iN S T E iN , His L iF E  AND T iM E S , trans. George Rosen, ed. 
and rev. Suichi Kusaka (New York: Alfred A. Knopf, 1947).

94. Philipp Frank, E iN S T E iN , SE iN  LEBEN U N D  SEIN E Z E iT  (Munich: Paul List 
Vertag, 1949), p. 38.
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95. Since Max Abraham's version of August Foppi's book did not get done 
untii 1904, it wouid be Foppi's originai work that must be meant here; but this 
siip does remind us that a substantia! fraction of several successive generations 
of physicists were brought up on—and then taught from—Abraham-Foppi 
and later Abraham-Becker.

96. Reiser, ALBERT E tN S T E iN , A BIOGRAPHICAL PORTRAIT (New York: A. & 
C. Boni, 1930).
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7 MACH, EINSTEIN, AND THE
SEARCH FOR REALITY

[}N T H E  history of ideas of our century, there is a chapter that 
I might be entitled "The Philosophical Pilgrimage of Albert Ein

stein," a pilgrimage from a philosophy of science in which sensationism 
and empiricism were at the center, to one in which the basis was a ra
tional realism. This essay, a portion of a more extensive study/ is con
cerned with Einstein's gradual philosophical reorientation, particularly 
as it has become discernible during the work on his largely unpublished 
scientific correspondence.^

The earliest known letter by Einstein takes us right into the middle of 
the case. It is dated 19 March 1901 and addressed to Wilhelm Ost- 
wald.s The immediate cause for Einstein's letter was his failure to re
ceive an assistantship at the school where he had recently finished his 
formal studies, the Polytechnic Institute in Zurich; he now turned to 
Ostwald to ask for a position at his laboratory, partly in the hope of re
ceiving "the opportunity for further education." Einstein included a 
copy of his first publication, FofgerMMggM a Mi dew 
Mwggw** (1901), which he said had been inspired (awgerggt) by Ost- 
wald's work; indeed, Ostwald's A L L G E M E iN E  C H E M i E  is the first book 
mentioned in all of Einstein's published work.
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Not having received an answer, Einstein wrote again to Ostwald on 
3 Aprii 1901. On 13 April 1901 his father, Hermann Einstein, sent 
Ostwald a moving appeal, evidently without his son's knowledge. Her
mann Einstein reported that his son esteems Ostwald "most highly 
among all scholars currently active in physics.""

The choice of Ostwald was significant. He was, of course, not only 
one of the foremost chemists, but also an active "philosopher-scientist" 
during the 1890's and 1900's, a time of turmoil in the physical sciences 
as well as in the philosophy of science. The opponents of kinetic, me
chanical, or materialistic views of natural phenomena were vociferous. 
They objected to atomic theory and gained great strength from the 
victories of thermodynamics, a held in which no knowledge or assump
tion was needed concerning the detailed nature of material substances 
(for example, for an understanding of heat engines).

Ostwald was a major critic of the mechanical interpretation of phys
ical phenomena, as were Helm, Stallo, and Mach. Their form of positi
vism—as against the sophisticated logical positivism developed later in 
Carnap and Ayer's work—provided an epistemology for the new phe
nomenologically based science of correlated observations, linking ener
getics and sensationism. In the second (1893) edition of his influential 
textbook on chemistry, Ostwald had given up the mechanical treatment 
of his first edition for Helm's "energetic" one. "Hypothetical" quantities 
such as atomic entities were to be omitted; instead, these authors claimed 
they were satisfied, as Merz wrote around 1904, with "measuring such 
quantities as are presented in observation, such as energy, mass, pres
sure, volume, temperature, heat, electrical potential, etc., without re
ducing them to imaginary mechanisms or kinetic quantities." They con
demned such conceptions as the ether, with properties not accessible 
to direct observation, and they issued a call "to consider anew the ulti
mate principles of all physical reasoning, notably the scope and validity 
of the Newtonian laws of motion and of the conceptions of force and 
action, of absolute and relative motion.""

AM these iconoclastic demands—except anti-atomism—must have 
been congenial to the young Einstein who, according to his colleague 
Joseph Sauter, was fond of calling himself "a heretic."? Thus, we may 
well suspect that Einstein felt sympathetic to Ostwald who denied in 
the ALLGEMEiNE CHEMiE that "the assumption of that medium, the 
ether, is unavoidable. To me it does not seem to be so. . . . There is no
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need to inquire for a carrier of it when we find it anywhere. This 
enables us to look upon radiant energy as independently existing in 
space."s It is a position quite consistent with that shown later in Ein
stein's papers of 1905 on photon theory and relativity theory.

In addition, it is worth noting that Einstein, in applying to Ostwald's 
laboratory, seemed to conceive of himself as an experimentalist. We 
know from many sources that in his student years in Zurich, Einstein's 
earlier childhood interest in mathematics had slackened considerably. 
In the Nolei, Einstein reported: "I really could have
gotten a sound mathematical education. However, I worked most of 
the time in the physical laboratory, fascinated by the direct contact 
with experience."" To this, one of his few reliable biographers adds: 
"No one could stir him to visit the mathematical seminars.. . .  He did not 
yet see the possibility of seizing that formative power resident in mathe
matics, which later became the guide of his work. . . . He wanted to 
proceed quite empirically, to suit his scientific feeling of the time. . . .  As 
a natural scientist, he was a pure empiricist."*"

Ostwald's main philosophical ally was the prolific and versatile Aus
trian physicist and philosopher Ernst Mach (1838-1916), whose main 
work Einstein had read avidly in his student years and with whom he 
was destined to have later the encounters that form a main concern of 
this paper. Mach's major book, T H E  S C IE N C E  O F  M E C H A N IC S ,* *  first 
published in 1883, is perhaps most widely known for its discussion of 
Newton's P R iN C iP iA , in particular for its devastating critique of what 
Mach called the "conceptual monstrosity of absolute space"—a con
ceptual monstrosity because it is "purely a thought-thing which cannot 
be pointed to in experience."*" Starting from his analysis of Newtonian 
presuppositions, Mach proceeded in his announced program of eliminat
ing all metaphysical ideas from science. As Mach said quite bluntly in 
the preface to the first edition of T H E  S C IE N C E  O F M E C H A N I C S : "This 
work is not a text to drill theorems of mechanics. Rather, its intention 
is an enlightening one—or to put it still more plainly, an anti-meta
physical one."

It will be useful to review briefly the essential points of Mach's philos
ophy. Here we can benefit from a good, although virtually unknown, 
summary presented by his sympathetic follower, Moritz Schlick, in the 
essay Emit MacA, der PAifcwpA.
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Mach was a physicist, physiologist, and also psychologist, and his philosophy 
. . . arose from the wish to find a principal point of view to which he couid 
hew in any research, one which he would not have to change when going from 
the field of physics to that of physiology or psychology. Such a firm point of 
view he reached by going back to that which is given before all scientific re
search : namely, the world of sensations. . . .  Since all our testimony concerning 
the so-called external world relies only on sensations, Mach held that we can 
and must take these sensations and complexes of sensations to be the sole con
tents [Oegtmrtantfe] of those testimonies, and, therefore, that there is no need 
to assume in addition an unknown reality hidden behind the sensations. With 
that, the existence tier Dingc an is removed as an unjustified and unneces
sary assumption. A body, a physical object, is nothing else than a complex, a 
more or less firm [we would say, invariant] pattern of sensations, i.e., of colors, 
sounds, sensations of heat and pressure, etc.

There exists in this world nothing whatever other than sensations and their 
connections. In place of the word "sensations," Mach liked to use rather the 
more neutral word "elements." . . . [As is particularly clear in Mach's book 
ERKENNTNis UND IRRTUM] scientific knowledge of the world consists, accord
ing to Mach, in nothing else than the simplest possible description of the con
nections between the elements, and it has as its only aim the intellectual mastery 
of those facts by means of the least possible effort of thought. This aim is 
reached by means of a more and more complete "accommodation of the 
thoughts to one another." This is the formulation by Mach of his famous "prin
ciple of the economy of thought.""

The influence of Mach's point of view, particularly in the German
speaking countries, was enormous—on physics, on physiology, on psy
chology, and on the fields of the history and the philosophy of science" 
(not to mention Mach's profound effect on the young Lenin, Hofmanns
thal, Musil, among many others outside the sciences). Strangely neglec
ted by recent scholarship—there is not even a major biography—Mach 
has in the last two or three years again become the subject of a number 
of promising studies. To be sure, Mach himself always liked to insist 
that he was beleaguered and neglected, and that he did not have, or 
wish to have, a philosophical system; yet his philosophical ideas and at
titudes had become so widely a part of the intellectual equipment of 
the period from the 1880's on that Einstein was quite right in saying 
later that "even those who think of themselves as Mach's opponents 
hardly know how much of Mach's views they have, as it were, imbibed 
with their mother's milk.""
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The problems of physics themselves at that time helped to reinforce 
the appeal of the new philosophical attitude urged by Mach. The great 
program of nineteenth-century physics, the reconciliation of the notions 
of ether, matter, and electricity by means of mechanistic pictures and 
hypotheses, had led to enormities—for example, Larmor's proposal that 
the electron is a permanent but movable state of twist or strain in the 
ether, forming discontinuous particles of electricity and possibly of all 
ponderable matter. To many of the younger physicists of the time, at
tacking the problems of physics with conceptions inherited from clas
sical nineteenth-century physics did not seem to lead anywhere. And 
here Mach's iconoclasm and incisive critical courage, if not the details 
of his philosophy, made a strong impression on his readers.

MacAT Early In/ZMcmrg ow Emdcin

As the correspondence at the Einstein Archives at Princeton reveals, 
one of the young scientists deeply caught up in Mach's point of view 
was Michelange (Michele) Besso—Einstein's oldest and closest friend, 
fellow student, and colleague at the Patent Office in Bern, the only 
person to whom Einstein gave public credit for help (raancAc wcrir'o/lc 
rinrcgMHg) when he published his basic paper on relativity in 1905. It 
was Besso who introduced Einstein to Mach's work. In a letter of 8 April 
1952 to Carl Seelig, Einstein wrote: "My attention was drawn to Ernst 
Mach's S C IE N C E  O F M E C H A N IC S  by my friend Besso while a student, 
around the year 1897. The book exerted a deep and persisting impres
sion upon me . . . ,  owing to its physical orientation toward fundamental 
concepts and fundamental laws." As Einstein noted in his

A o t c j  written in 1 9 4 6 ,  Ernst Mach's T H E  S C IE N C E  O F M E C H A N IC S  

"shook this dogmatic faith" in "mechanics as the final basis of all phys
ical thinking. . . . This book exercised a profound influence upon me in 
this regard while I was a student. I see Mach's greatness in his incor
ruptible skepticism and independence; in my younger years, however, 
Mach's epistemological position also influenced me very greatly.""

As the long correspondence between those old friends shows, Besso 
remained a loyal Machist to the end. Thus, writing to Einstein on 8 
December 1947, he still said: "As far as the history of science is con
cerned, it appears to me that Mach stands at the center of the develop
ment of the last 50 or 70 years." Is it not true, Besso also asked, "that
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this introduction [to Mach] fell into a phase of development of the young 
physicist [Einstein] when the Machist style of thinking pointed de
cisively at observables—perhaps even, indirectly, to clocks and meter 
sticks?"

Turning now to Einstein's crucial first paper on relativity in 1905, 
we can discern in it influences of many, partly contradictory, points of 
view—not surprising in a work of such originality by a young contrib
utor. Elsewhere I have examined the effect—or lack of effect—on that 
paper of three contemporary physicists: H. A. Lorentz,^ Henri Poin
care,^ and August Foppl. Here we may ask in what sense and to 
what extent Einstein's initial relativity paper of 1905 was imbued with 
the style of thinking associated with Ernst Mach and his followers— 
apart from the characteristics of clarity and independence, the two 
traits in Mach which Einstein always praised most.

In brief, the answer is that the Machist component—a strong com
ponent, even if not the whole story—shows up prominently in two re
lated respects: first, by Einstein's insistence from the beginning of his 
relativity paper that the fundamental problems of physics cannot be 
understood until an epistemological analysis is carried out, particularly 
so with respect to the meaning of the conceptions of space and time 
and second, by Einstein's identification of reality with what is given by 
sensations, the "events," rather than putting reality on a plane beyond 
or behind sense experience.

From the outset, the instrumentalist, and hence sensationist, views of 
measurement and of the concepts of space and time are strikingly evi
dent. The key concept in the early part of the 1905 paper is introduced 
at the top of the third page in a straightforward way. Indeed, Leopold 
Infeld in his biography of Einstein called them "the simplest sentence[s] 
I have ever encountered in a scientific paper." Einstein wrote: "We have 
to take into account that all our judgments in which time plays a part 
are always judgments of If for instance I say, 'that
train arrived here at seven o'clock,' I mean something like this: 'The 
pointing of the small hand of my watch to seven and the arrival of 
the train are simultaneous events.'

The basic concept introduced here, one that overlaps almost entirely 
Mach's basic "elements," is Einstein's concept of [Er îgwhig]—
a word that recurs in Einstein's paper about a dozen times immediately 
following this citation. Transposed into Minkowski's later formulation
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of relativity, Einstein's "events" are the intersections of particular 
"world lines," say that of the train and that of the clock. The time (t 
coordinate) of an event by itself has no operational meaning. As Ein
stein says: "The 'time' of an event is that which is given simultaneously 
with the event by a stationary clock located at the place of the event. 
We can say that just as the bmg of an event assumes meaning only when 
it connects with our consciousness through sense experience (that is, 
when it is subjected to measurement-in-principle by means of a clock 
present at the same place), so also is the piacg, or space coordinate, 
of an event meaningful only if it enters our sensory experience while 
being subjected to measurement-in-principle (that is, by means of meter 
sticks present on that occasion at the same time) V

This was the kind of operationalist message which, for most of his 
readers, overshadowed all other philosophical aspects in Einstein's paper. 
His work was enthusiastically embraced by the groups who saw them
selves as philosophical heirs of Mach, the Vienna Circle of neopositivists 
and its predecessors and related followers,providing a tremendous 
boost for the philosophy that had initially helped to nurture it. A typical 
response welcoming the relativity theory as "the victory over the meta
physics of absolutes in the conceptions of space and time . . .  a mighty 
impulse for the development of the philosophical point of view of our 
time," was extended by Joseph Petzoldt in the inaugural session of 
the G&feibcAa/t /ib pobhabthcfie PMcmpAb in Berlin, 11 November 
1912.^ Michele Besso, who had heard the message from Einstein be
fore anyone else, had exclaimed: "In the setting of Minkowski's space- 
time framework, it was now first possible to carry through the thought 
which the great mathematician, Bernhard Riemann, had grasped: 'The 
space-time framework itself is formed by the events in it.'

To be sure, re-reading Einstein's paper with the wisdom of hindsight, 
as we shall do presently, we can find in it also very different trends, 
warning of the possibility that "reality" in the end is not going to be 
left identical with "events." There are premonitions that sensory ex
periences, in Einstein's later work, will not be regarded as the chief 
building blocks of the "world," that the laws of physics themselves will 
be seen to be built into the event-world as the undergirding structure 
"governing" the pattern of events.

Such precursors appear even earlier, in one of Einstein's first letters 
in the Archives. Addressed to his friend Marcel Grossmann, it is dated
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14 April 1901, when Einstein believed he had found a connection be
tween Newtonian forces and the forces of attraction between molecules: 
"It is a wonderful feeling to recognize the unity of a complex of appear
ances which, to direct sense experience, seem to be separate things." 
Already there is a hint here of the high value that will be placed on 
intuited unity and the limited role seen for evident sense experience.

But all this was not yet ready to come into full view, even to the 
author. Taking the early papers as a whole, and in the context of the 
physics of the day, we find that Einstein's philosophical pilgrimage did 
start on the historic ground of positivism. Moreover, Einstein thought 
so himself, and confessed as much in letters to Ernst Mach.

In the history of recent science, the relation between Einstein and 
Mach is an important topic that has begun to interest a number of 
scholars. Indeed, it is a drama of which we can sketch here four stages: 
Einstein's early acceptance of the main features of Mach's doctrine; 
the Einstein-Mach correspondence and meeting; the revelation in 1921 
of Mach's unexpected and vigorous attack on Einstein's relativity theory; 
and Einstein's own further development of a philosophy of knowledge 
in which he rejected many, if not all, of his earlier Machist beliefs.

Happily, the correspondence is preserved at least in part. A few letters 
have been found, all from Einstein to Mach. Those of concern here are 
part of an exchange between 1909 and 1913, and they testify to Ein
stein's deeply felt attraction to Mach's viewpoint, just at a time when 
the mighty Mach himself—forty years senior to the young Einstein 
whose work was just becoming widely known—had for his part em
braced the relativity theory publicly by writing in the second (1909) 
edition of C O N S E R V A T IO N  O F E N E R G Y : " 1  subscribe, then, to the prin
ciple of relativity, which is also firmly upheld in my MECHANICS and 
WARMELEHRE.̂  In the first letter, Einstein writes from Bern on 9 Aug
ust 1909. Having thanked Mach for sending him the book on the Law 
of Conservation of Energy, he adds: "1 know, of course, your main pub
lications very well, of which I most admire your book on Mechanics. 
You have had such a strong influence upon the epistemological concep
tions of the younger generation of physicists that even your opponents 
today, such as Planck, undoubtedly would have been called Mach fol
lowers by physicists of the kind that was typical a few decades ago."
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It wiH be important for our analysis to remember that Planck was 
Einstein's earliest patron in scientific circles. It was Planck who, in 1905, 
as editor of the A N N A L E N  D E R  P H Y S IK , received Einstein's first relativity 
paper and thereupon held a review seminar on the paper in Berlin. 
Planck defended Einstein's work on relativity in public meetings from 
the beginning, and by 1913 had succeeded in persuading his German 
colleagues to invite Einstein to the Kaiser-Wilhelm-Gesellschaft in Ber
lin. With a polemical essay Against tAe New Ewerggficr in 1896, he had 
made clear his position, and by 1909 Planck was one of the few oppon
ents of Mach, and scientifically the most prominent one. He had just 
written a famous attack, Die EinAeif IPeMildei. Far
from accepting Mach's view that, as he put it, "Nothing is real except 
the perceptions, and all natural science is ultimately an economic adap
tation of our ideas to our perceptions," Planck held to the entirely an
tithetical position that a basic aim of science is "the finding of a /bred 
world picture independent of the variation of time and people," or, more 
generally, "the complete liberation of the physical picture from the indi
viduality of the separate intellects."^

At least by implication, Einstein's remarks to Mach show that he 
dissociated himself from Planck's view. It may also not be irrelevant that 
just at that time Einstein, who since 1906 had been objecting to in
consistencies in Planck's quantum theory, was preparing his first major 
invited paper before a scientific congress, the eighty-first meeting of 
the Naturforscherversammlung, announced for September, 1909, in 
Salzburg. Einstein's paper called for a revision of Maxwell's theory 
to accommodate the probabilistic character of the emission of pho
tons—none of which Planck could accept—and concluded: "To accept 
Planck's theory means, in my view, to throw out the bases of our [1905] 
theory of radiation."

Mach's reply to Einstein's first letter is now lost, but it must have come 
quickly, because eight days later Einstein sends an acknowledgment:

Bern, 17 August 1909. Your friendly letter gave me enormous pleasure. . . . 
I am very glad that you are pleased with the relativity theory. . . . Thanking 
you again for your friendly letter, I remain, your student [indeed: IAr per- 
eArpnder .ScMier], A. Einstein.

Einstein's next letter was written as physics professor in Prague, where 
Mach before him had been for twenty-eight years. The post had been
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offered to Einstein on the basis of recommendations of a faction (Lampa, 
Pick) who regarded themselves as faithful disciples of Mach. The 
letter was sent out about New Year's 1911-12, perhaps just before or 
after Einstein's sole (and, according to Philipp Frank's account in E iN -  

S T E iN ,  His L iF E  A N D  T i M E S ,^  not very successful) visit to Mach, and 
after the first progress toward the general relativity theory:

. . .  I can't quite understand how Planck has so little understanding for your 
efforts. His stand to my [general relativity] theory is also one of refusal. But I 
can't take it amiss; so far, that one single epistemological argument is the only 
thing which I can bring forward in favor of my theory.

Here, Einstein is referring delicately to the Mach Principle, which he 
had been putting at the center of the developing theory.^" Mach re
sponded by sending Einstein a copy of one of his books, probably the
A N A L Y S IS  OF SE N S A T IO N S .

In the last of these letters to Mach (who was now seventy-five years 
old, and for some years had been paralyzed), Einstein writes from Zu
rich on 25 June 1913:

Recently you have probably received my new publication on relativity and 
gravitation which I have at last finished after unending labor and painful 
doubt. [This must have been the Enfntttr/ cine? Rchm'm'tdfr-
fAcoric and ciner TAaorfa dcr CrauhahoH, written with Marcel Grossmann.s"] 
Next year at the solar eclipse it will turn out whether the light rays are bent 
by the sun, in other words whether the basic and fundamental assumption of 
the equivalence of the acceleration of the reference frame and of the gravita
tional field really holds. If so, then your inspired investigations into the founda
tions of mechanics—despite Planck's unjust criticism—will receive a splendid 
confirmation. For it is a necessary consequence that inertia has its origin in a 
kind of mutual interaction of bodies, fully in the sense of your critique of New
ton's bucket experiments^

77u? PafAi Dtvgrgg

The significant correspondence stops here, but Einstein's public and 
private avowals of his adherence to Mach's ideas continue for several 
years more. For example, there is his well-known, moving eulogy of 
Mach, published in 1916.^ In August, 1918, Einstein writes to Besso 
quite sternly about an apparent—and quite temporary—lapse in Besso's 
positivistic epistemology; it is an interesting letter, worth citing in full:
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28 August 1918.
Dear Michele:

In your last letter I find, on re-reading, something which makes me angry: 
That speculation has proved itself to be superior to empiricism. You are think
ing here about the development of relativity theory. However, I find that this 
development teaches something else, that it is practically the opposite, namely 
that a theory which wishes to deserve trust must be built upon generalizable 
facts.

Old examples: Chief postulates of thermodynamics [based] on impossibility 
of perpetuum mobile. Mechanics [based] on a grasped [erfarteten] law of in
ertia. Kinetic gas theory [based] on equivalence of heat and mechanical energy 
(also historically). Special Relativity on the constancy of light velocity and 
Maxwell's equation for the vacuum, which in turn rest on empirical founda
tions. Relativity with respect to uniform [?] translation is a /act a/ experience.

General Relativity: ^ynieaience o/ inertia/ nn<i graaitationai mare. Never has a 
truly useful and deep-going theory really been found purely speculatively. The 
nearest case is Maxwell's hypothesis concerning displacement current; there 
the problem was to do justice to the fact of light propagation. . . . With cordial 
greetings, your Albert. [Emphasis in the original]

Careful reading of this letter shows us that already here there is evi
dence of divergence between the conception of "fact" as understood by 
Einstein and "fact" as understood by a true Machist. The impossibility 
of the perpetuum mobile, the first law of Newton, the constancy of light 
velocity, the validity of Maxwell's equations, the equivalence of inertial 
and gravitational mass—none of these would have been called "facts 
of experience" by Mach. Indeed, Mach might have insisted that—to use 
one of his favorite battle words—it is evidence of "dogmatism" not to 
regard all these conceptual constructs as continually in need of probing 
re-examinations; thus, Mach had written:

. . . for me, matter, time and space are still proMemr, to which, incidentally, 
the physicists (Lorentz, Einstein, Minkowski) are also slowly approaching.32

Similar evidence of Einstein's gradual apostasy appears in a letter of 
4 December 1919 to Paul Ehrenfest. Einstein writes:

I understand your difficulties with the development of relativity theory. They 
arise simply because you want to base the innovations of 1905 on epistemologi
cal grounds (nonexistence of the stagnant ether) instead of empirical grounds 
(equivalence of all inertial systems with respect to light).
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Mach would have applauded Einstein's life-long suspicion of formal 
epistemological systems, but how strange would he have found this use 
of the word empirical to characterize the hypothesis of the equivalence 
of all inertial systems with respect to light! What we see forming slowly 
here is Einstein's view that the fundamental role played by experience 
in the construction of fundamental physical theory is, after all, not 
through the "atom" of experience, not through the individual sensation 
or the protocol sentence, but through some creative digest or synthesis 
of "dig ggiammten E'r/aArMngyfatjacAgn," the totality of physical experi
ence.^ But all this was still hidden. Until Mach's death, and for several 
years after, Einstein considered and declared himself a disciple of Mach.

In the meantime, however, unknown to Einstein and everyone else, 
a time bomb had been ticking away. Set in 1913, it went off in 1921, five 
years after Mach's death, when Mach's T H E  PR IN C IP LE S OF P H Y S IC A L  

OpTics was published at last. Mach's preface was dated July, 1913— 
perhaps a few days or, at most, a few weeks after Mach had received 
Einstein's last, enthusiastic letter and the article on general relativity 
theory. In a well-known passage in the preface (but one usually found in 
an inaccurate translation), Mach had written:

I am compelled, in what may be my last opportunity, to cancel my views[4n- 
mAaMMngett] of the relativity theory.

I gather from the publications which have reached me, and especially from 
my correspondence, that I am gradually becoming regarded as the forerunner 
of relativity. I am able even now to picture approximately what new exposi
tions and interpretations many of the ideas expressed in my book on Mechanics 
will receive in the future from this point of view. It was to be expected that 
philosophers and physicists should carry on a crusade against me, for, as I have 
repeatedly observed, I was merely an unprejudiced rambler endowed with orig
inal ideas, in varied fields of knowledge. I must, however, as assuredly disclaim 
to be a forerunner of the relativists as I personally reject the atomistic doctrine 
of the present-day school, or church. The reason why, and the extent to which, 
I reject [aMeAne] the present-day relativity theory, which I find to be growing 
more and more dogmatical, together with the particular reasons which have 
led me to such a view—considerations based on the physiology of the senses, 
epistemological doubts, and above all the insight resulting from my experiments 
—must remain to be treated in the sequel [a sequel which was never 
published],3**

Certainly, Einstein was deeply disappointed by this belated disclosure
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of Mach's sudden dismissal of the relativity theory. Some months iater, 
during a lecture on 6 April 1922 in Paris, in a discussion with the anti- 
Machist philosopher Emile Meyerson, Einstein allowed in a widely re
ported remark that Mach was "MM AoM mgcaMt'cMM," but "depforaA/g 
pAtforopAg."^

We can well understand that Mach's rejection was at heart very pain
ful, the more so as it was somehow Einstein's tragic fate to have the 
contribution he most cared about rejected by the very men whose ap
proval and understanding he would have most gladly had—a situation 
not unknown in the history of science. In addition to Mach, the list in
cludes these four: AAgMrf Poincare, who, to his death in 1912, only once 
deigned to mention Einstein's name in print, and then only to register 
an objection; Af. 4̂. who gave Einstein personally every possible
encouragement—short of fully accepting the theory of relativity for him
self; Max PfaMaA, whose support of the special theory of relativity was 
unstinting, but who resisted Einstein's ideas on general relativity and the 
early quantum theory of radiation; and 21. 4̂. MtcAeboM, who to the end 
of his days did not believe in relativity theory, and once said to Einstein 
that he was sorry that his own work may have helped to start this 
"monster.''^"

Soon Einstein's generosity again took the upper hand and resulted, 
from then to the end of his life, in many further personal testimonies to 
Mach's earlier influenced  ̂A detailed analysis was provided in Einstein's 
letter of 6 January 1948 to Besso:

As far as Mach is concerned, I wish to differentiate between Mach's influence 
in general and his influence on me. . . . Particularly in the M E C H A N IC S  a n d  

the W A RM ELEH R E he tried to show how concepts arose out of experience. He 
took convincingly the position that these conceptions, even the most funda
mental ones, obtained their warrant only out of empirical knowledge, that they 
are in no way logically necessary....

I see his weakness in this, that he more or less believed science to consist in 
a mere ordering of empirical material; that is to say, he did not recognized the 
freely constructive element in formation of concepts. In a way he thought that 
theories arise through dbcopgrtM and not through inventions. He even went so 
far that he regarded "sensations" not only as material which has to be investi
gated, but, as it were, as the building blocks of the real world; thereby, he be
lieved, he could overcome the difference between psychology and physics. If
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he had drawn the full consequences, he would have had to reject not only atom
ism but also the idea of a physical reality.

Now, as far as Mach's influence on my own development is concerned, it cer
tainly was great. I remember very well that you drew my attention to his 
M E C H A N IC S  and W A R M E L E H R E  during my first years of study, and that both 
books made a great impression on me. The extent to which they influenced my 
own work is, to say the truth, not clear to me. As far as I am conscious of it, 
the immediate influence of Hume on me was greater. . . . But, as I said, I am 
not able to analyze that which lies anchored in unconscious thought. It is inter
esting, by the way, that Mach rejected the special relativity theory passionately 
(he did not live to see the general relativity theory [in the developed form]). 
The theory was, for him, inadmissibly speculative. He did not know that this 
speculative character belongs also to Newton's mechanics, and to every theory 
which thought is capable of. There exists only a gradual difference between 
theories, insofar as the chains of thought from fundamental concepts to empiri
cally verifiable conclusions are of different lengths and complications.̂ ^

Ernst Mach's harsh words in his 1913 preface leave a tantalizing mys
tery. Ludwig Mach's destruction of his father's papers has so far made 
it impossible to find out more about the "experiments" (possibly on the 
constancy of the velocity of light) at which Ernst Mach hinted. Since 
1921, many speculations have been offered to explain Mach's remarks.s" 
They all leave something to be desired. Yet, I believe, it is not so difficult 
to reconstruct the main reasons why Mach ended up rejecting the rela
tivity theory. To put it very simply, Mach had recognized more and 
more clearly, years before Einstein did so himself, that Einstein had 
indeed fallen away from the faith, had left behind him the confines of 
Machist empiriocriticism.

The list of evidences is long. Here only a few examples can be given, 
the first from the 1905 relativity paper itself: what had made it really 
work was that it contained and combined elements based on two entirely 
different philosophies of science—not merely the empiricist-operationist 
component, but the courageous initial postulation, in the second para
graph, of two thematic hypotheses (one on the constancy of light veloc
ity and the other on the extension of the principle of relativity to all 
branches of physics), two postulates for which there was and can be no 
direct empirical confirmation.
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For a long time, Einstein did not draw attention to this feature. In a 
lecture at King's College, London, in 1921, just before the posthumous 
publication of Mach's attack, Einstein still was protesting that the origin 
of relativity theory lay in the facts of direct experience:

. . .  I am anxious to draw attention to the fact that this theory is not specuiative 
in origin; it owes its invention entirely to the desire to make physical theory fit 
observed fact as well as possible. We have here no revolutionary act, but the 
natural continuation of a line that can be traced through centuries. The aban
donment of certain notions connected with space, time, and motion, hitherto 
treated as fundamentals, must not be regarded as arbitrary, but only as con
ditioned by observed facts.

By June, 1933, however, when Einstein returned to England to give 
the Herbert Spencer Lecture at Oxford entitled On t/te AfctAod o/ TAco- 
rchcaf PAyrici, the more complex epistemology that was in fact inherent 
in his work from the beginning had begun to be expressed. He opened 
this lecture with the significant sentence: "If you want to find out any
thing from the theoretical physicists about the methods they use, I advise 
you to stick closely to one principle: Don't listen to their words, fix your 
attention on their deeds." He went on to divide the tasks of experience 
and reason in a very different way from that advocated in his earlier 
visit to England:

We are concerned with the eternal antithesis between the two inseparable com
ponents of our knowledge, the empirical and the rational. . . . The structure of 
the system is the work of reason; the empirical contents and their mutual rela
tions must find their representation in the conclusions of the theory. In the 
possibility of such a representation lie the sole value and justification of the 
whole system, and especially the concepts and fundamental principles which 
underlie it. Apart from that, these latter are free inventions of the human intel
lect, which cannot be justified either by the nature of that intellect or in any 
other fashion a n̂'orf.

In the summary of this section, he draws attention to the "purely 
fictitious character of the fundamentals of scientific theory." It is this 
penetrating insight which Mach must have smelled out much earlier 
and dismissed as "dogmatism."

Indeed, Einstein, in his 1933 Spencer Lecture—widely read, as were 
and still are so many of his essays—castigates the old view that "the 
fundamental concepts and postulates of physics were not in the logical
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sense inventions of the human mind but couid be deduced from experi
ence by 'abstraction'—that is to say, by logical means. A clear recogni
tion of the erroneousness of this notion really only came with the general 
theory of relativity."

Einstein ends this discussion with the enunciation of his current credo, 
so far from that he had expressed earlier:

Nature is the realization of the simplest conceivable mathematical ideas. I am 
convinced that we can discover, by means of purely mathematical constructions, 
those concepts and those lawful connections between them which furnish the 
key to the understanding of natural phenomena. Experience may suggest the 
appropriate mathematical concepts, but they most certainly cannot be deduced 
from it. Experience remains, of course, the sole criterion of physical utility of a 
mathematical construction. But the creative principle resides in mathematics. 
In a certain sense, therefore, I hold it true that pure thought can grasp reality, 
as the ancients dreamed.**

Technically, Einstein was now at—or rather just past—the midstage 
of his pilgrimage. He had long ago abandoned his youthful allegiance to 
a primitive phenomenalism that Mach would have commended. In the 
first of the two passages just cited and others like it, he had gone on to a 
more refined form of phenomenalism which many of the logical posi
tivists could still accept. He has, however, gone beyond it in the second 
passage, turning toward interests that we shall see later to have matured 
into clearly metaphysical conceptions.

Later, Einstein himself stressed the key role of what we have called 
thematic rather than phenomenic elements*̂ —and thereby he fixed the 
early date at which, in retrospect, he found this need to have arisen in 
his earliest work. Thus he wrote in his ^MfoUograpPical IVolcr of 1946 
that "shortly after 1900 . . .  I despaired of the possibility of discovering 
the true laws by means of constructive efforts based on known facts. The 
longer and the more despairingly I tried, the more I came to the convic
tion that only the discovery of a Mnioercal formal principle could lead 
us to assured results."^

Another example of evidence of the undercurrent of disengagement 
from a Machist position is an early one: it comes from Einstein's article 
on relativity in the 1907 J A H R B U C H  DER R.ADIOAKTIVITAT U N D  E L E K -  

T R O N iK ,** where Einstein responds, after a year's silence, to Walter Kauf- 
mann's 1906 paper in the A N N A L E N  DER P n Y S iK .* *  That paper had 
been the first publication in the ANNALEN to mention Einstein's work
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on the relativity theory, published there the previous year. Coming from 
the eminent experimental physicist Kaufmann, it had been most signifi
cant that this very first discussion was announced as a categorical, ex
perimental disproof of Einstein's theory. Kaufmann had begun his at
tack with the devastating summary:

I anticipate right here the general result of the measurements to be described 
in the following: fAg mcajuremgnt r&stdty arg not compahMg witA tAg Lorgnlz- 
EwstgiaMa /Mndamgntaf assumption's

Einstein could not have known that Kaufmann's equipment was in
adequate. Indeed, it took ten years for this to be fully realized, through 
the work of Guye and Lavanchy in 1916. So in his discussion of 1907, 
Einstein had to acknowledge that there seemed to be small but signi
ficant differences between Kaufmann's results and Einstein's predic
tions. He agreed that Kaufmann's calculations seemed to be free of 
error, but "whether there is an unsuspected systematic error or whether 
the foundations of relativity theory do not correspond with the facts 
one will be able to decide with certainty only if a great variety of ob
servational material is at hand."**"

Despite this prophetic remark, Einstein does not rest his case on it. 
On the contrary, he has a very different, and what for his time and 
situation must have been a very daring, point to make: he acknowl
edges that the theories of electron motion given earlier by Abraham 
and by Bucherer do give predictions considerably closer to the experi
mental results of Kaufmann. But Einstein refuses to let the "facts" 
decide the matter: "In my opinion both [their] theories have a rather 
small probability, because their fundamental assumptions concerning 
the mass of moving electrons are not explainable in terms of theoretical 
systems which embrace a greater complex of phenomena."*"

This is the characteristic position—the crucial difference between 
Einstein and those who make the correspondence with experimental 
fact the chief deciding factor for or against a theory: even though the 
"experimental facts" at that time very clearly seemed to favor the 
theory of his opponents rather than his own, he finds the ad hoc char
acter of their theories more significant and objectionable than an ap
parent disagreement between his theory and their "facts."*"

So already in this 1907 article—which, incidentally, Einstein mentions 
in his postcard of 17 August to Ernst Mach, with a remark regretting
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that he has no more reprints for distribution—we have explicit evidence 
of a hardening of Einstein against the epistemological priority of ex
periment, not to speak of sensory experience. In the years that followed, 
Einstein more and more openly put the consistency of a simple and con
vincing theory or of a thematic conception higher in importance than the 
latest news from the laboratory—and again and again he turned out to 
be right.

Thus, only a few months after Einstein had written in his fourth 
letter to Mach that the solar eclipse experiment will decide "whether the 
basic and fundamental assumption of the equivalence of the accelera
tion of the reference frame and of the gravitational held really holds," 
Einstein writes to Besso in a very different vein (in March 1914), be
fore the hrst, ill-fated eclipse expedition was scheduled to test the con
clusions of the preliminary version of the general relativity theory: 
"Now I am fully satisfied, and I do not doubt any more the correctness 
of the whole system, may the observation of the eclipse succeed or not. 
The sense of the thing [dig TgrwMM/t dgr -S'arAg] is too evident." And 
later, commenting on the fact that there remains up to 10 per cent dis
crepancy between the measured deviation of light owing to the sun's 
held and the calculated effect based on the general relativity theory: 
"For the expert, this thing is not particularly important, because the 
main signihcance of the theory does not lie in the verihcation of little 
effects, but rather in the great simplihcation of the theoretical basis of 
physics as a w h o l e . O r  again, in Einstein's Nofgr on tAe Origin o/ 
fAg Ggngraf TAgory o/ RgiahoAy,'  ̂he reports that he "was in the highest 
degree amazed" by the existence of the equivalence between inertial and 
gravitational mass, but that he "had no serious doubts about its strict 
validity, even without knowing the results of the admirable experiment 
of Eotvds."

The same point is made again in a revealing account given by Ein
stein's student, Ilse Rosenthal-Schneider. In a manuscript, Rgminh- 
cgnggj o/ Conogwation wtYA Emsigm, dated 23 July 1957, she reports:

Once when I was with Einstein in order to read with him a work that contained 
many objections against his theory . . .  he suddenly interrupted the discussion 
of the book, reached for a telegram that was lying on the windowsill, and 
handed it to me with the words, "Here, this will perhaps interest you." It was 
Eddington's cable with the results of measurement of the eclipse expedition 
[1919]. When I was giving expression to my joy that the results coincided with
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his calculations, he said quite unmoved, "But I knew that the theory is correct"; 
and when I asked, what if there had been no confirmation of his prediction, 
he countered: "Then I would have been sorry for the dear Lord—the theory 
h correct."-̂

The third major point at which Mach, if not Einstein himself, must 
have seen that their paths were diverging is the development of rela
tivity theory into the geometry of the four-dimensionai space-time con
tinuum, begun in 1907 by the mathematician Hermann Minkowski 
(who, incidentally, had had Einstein as a student in Zurich). Indeed, it 
was through Minkowski's semipopular lecture, "Space and Time," on 21 
September 1908 at the eightieth meeting of the Naturforscherversamm- 
lung,"  ̂ that a number of scientists first became intrigued with relativity 
theory. We have several indications that Mach, too, was both interested 
in and concerned about the introduction of four-dimensional geometry 
into physics (in Mach's correspondence around 1910, for example, with 
August Foppl); according to Friedrich Herneck,^ Ernst Mach specially 
invited the young Viennese physicist Philipp Frank to visit him "in order 
to find out more about the relativity theory, above all about the use of 
four-dimensional geometry." As a result, Frank, who had recently fin
ished his studies under Ludwig Boltzmann and had begun to publish 
noteworthy contributions to relativity, published the "presentation of 
Einstein's theory to which Mach gave his assent" under the title Dai 

MW<sl ghg Daritglfawg der DrjcAgm-
MHgew hn ufgrdimgwiioMalgw It is an attempt, addressed to
readers "who do not master modem mathematical methods," to show 
that Minkowski's work brings out the "empirical facts far more clearly 
by the use of four-dimensional world lines." The essay ends with the 
reassuring conclusion: "In this four-dimensional world the facts of 
experience can be presented more adequately than in three-dimensional 
space, where always only an arbitrary and one-sided projection is 
pictured."

Following Minkowski's own papers on the whole, Frank's treatment 
can make it nevertheless still appear that in most respects the time di
mension is equivalent to the space dimensions. Thereby one could think 
that Minkowski's treatment based itself not only on a functional and op
erational interconnection of space and time, but also—fully in accord
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with Mach's own views—on the primacy of ordinary, "experienced" 
space and time in the relativistic description of phenomena.

Perhaps as a result of this presentation, Mach invoked the names of 
Lorentz, Einstein, and Minkowski in his reply of 1910 to Planck's first 
attack, citing them as physicists "who are moving closer to the problems 
of matter, space, and time." Already a year earlier, Mach seems to 
have been hospitable to Minkowski's presentation, although not without 
reservations. Mach wrote in the 1909 edition of C O N SER V A TIO N  OF 

ENERGY "Space and time are here conceived not as independent 
entities, but as forms of the dependence of the phenomena on one an
other"; he also added a reference to Minkowski's lecture of 1908.^ But 
a few lines earlier, Mach had written: "Spaces of many dimensions 
seem to me not so essential for physics. I would only uphold them if 
things of thought like atoms are maintained to be in
dispensable, and if, then, also the freedom of working hypotheses is 
upheld."

It was correctly pointed out by C. B. W einberg^ that Mach may 
eventually have had two sources of suspicion against the Minkowskian 
form of relativity theory. As was noted above, Mach regarded the funda
mental notions of mechanics as problems to be continually discussed 
with maximum openness within the frame of empiricism, rather than as 
questions that can be solved and settled—as the relativists, seemingly 
dogmatic and sure of themselves, were in his opinion more and more 
inclined to do. In addition, Mach held that the questions of physics were 
to be studied in a broader setting, encompassing biology and psycho
physiology. Thus Mach wrote: "Physics is not the entire world; biology 
is there too, and belongs essentially to the world picture.^

But I see also a third reason for Mach's eventual antagonism against 
such conceptions as Minkowski's (unless one restricted their application 
to "mere things of thought like atoms and molecules, which by their 
very nature can never be made the objects of sensuous contempla
tions"^). If one takes Minkowski's essay seriously—for example, the 
abandonment of space and time separately, with identity granted only 
to "a kind of union of the two"—one must recognize that it entails the 
abandonment of the conceptions of experiential space and experi
ential time; and that is an attack on the very roots of sensations- 
physics, on the meaning of actual measurements. If identity, meaning, 
or "reality" lies in the four-dimensional space-time interval di, one is
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dealing with a quantity which is hardiy nor one that
preserves the primacy of measurements in "real" space and time. Mach 
may well have seen the warning flag; and worse was soon to come, as 
we shall see at once.

In his exuberant lecture of 1908/3 Minkowski had announced that 
"three-dimensional geometry becomes a chapter in four-dimensional 
physics. .. . Space and time are to fade away into the shadows, and only 
gfng Ifgft aw jicA will subsist." In this "world" the crucial innovation 
is the conception of the "zgifarfigg Tgktorg/gmgwt," dj, defined as 
(1/c) \/c^dt -̂dx^-dy -̂dz  ̂ with imaginary components. To Mach, the 
word Elgfwgn; had a pivotal and very different meaning. As we saw in 
Schlick's summary, elements were nothing less than the sensations and 
complexes of sensations of which the world consists and which com
pletely define the world. Minkowski's rendition of relativity theory was 
now revealing the need to move the ground of basic, elemental truths 
from the plane of direct experience in ordinary space and time to a 
mathematicized, formalistic model of the world in a union of space and 
time that is not directly accessible to sensation—and, in this respect, is 
reminiscent of absolute space and time concepts that Mach had called 
"metaphysical monsters."^

Here, then, is an issue which, more and more, had separated Ein
stein and Mach even before they realized it. To the latter, the fun
damental task of science was economic and descriptive; to the former, it 
was speculative-constructive and intuitive. Mach had once written: "If 
all the individual facts—all the individual phenomena, knowledge of 
which we desire—were immediately accessible to us, science would never 
have risen.""" To this, with the forthrightness caused perhaps by his 
recent discovery of Mach's opposition, Einstein countered during his 
lecture in Paris of 6 April 1922: "Mach's system studies the existing 
relations between data of experience: for Mach, science is the totality 
of these relations. That point of view is wrong, and in fact what Mach 
has done is to make a catalog, not a system.""

We are witnessing here an old conflict, one that has continued 
throughout the development of the sciences. Mach's phenomenalism 
brandished an undeniable and irresistible weapon for the critical re- 
evaluation of classical physics, and in this it seems to hark back to an 
ancient position that looked upon sensuous appearances as the beginning 
and end of scientific achievement. One can read Galileo in this light,
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when he urges the primary need of dg ĉrî tio?: for the fall of bodies, 
leaving "the causes" to be found out later. So one can understand (or 
rather, misunderstand) Newton, with his too-well-remembered remark: 
"I feign no hypotheses."^ Kirchhoff is in this tradition. Boltzmann 
wrote of him in 1888:

The aim is not to produce bold hypotheses as to the essence of matter, or to 
explain the movement of a body from that of molecules, but to present equa
tions which, free from hypotheses, are as far as possible true and quantitatively 
correct correspondents of the phenomenal world, careless of the essence of 
things and forces. In his book on mechanics, Kirchhoff will ban all metaphysi
cal concepts, such as forces, the cause of a motion; he seeks only the equations 
which correspond so far as possible to observed motions.^

And so could, and did, Einstein himself understand the Machist com
ponent of his own early v/ork.

Phenomenalistic positivism in science has always been victorious, but 
only up to a very definite limit. It is the necessary sword for destroying 
old error, but it makes an inadequate plowshare for cultivating a new 
harvest. I find it exceedingly significant that Einstein saw this during the 
transition phase of partial disengagement from the Machist philosophy. 
In the spring of 1917 Einstein wrote to Besso and mentioned a manu
script which Friedrich Adler had sent him. Einstein commented: "He 
rides Mach's poor horse to exhaustion." To this, Besso—the loyal 
Machist—responds on 5 May 1917: "As to Mach's little horse, we 
should not insult it; did it not make possible the infernal journey 
through the relativities? And who knows—in the case of the nasty 
quanta, it may also carry Don Quixote de la Einsta through it all!"

Einstein's answer of 13 May 1917 is revealing: "I do not inveigh 
against Mach's little horse; but you know what I think about it. It can
not give birth to anything living, it can only exterminate harmful 
vermin."

Toward a Ratioaa&tic Teahism

The rest of the pilgrimage is easy to reconstruct, as Einstein more 
and more openly and consciously turned Mach's doctrine upside down—- 
minimizing rather than maximizing the role of actual details of experi
ence, both at the beginning and at the end of scientific theory, and 
opting for a rationalism that almost inevitably would lead him to the
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conception of an objective, "real" world behind the phenomena to 
which our senses are exposed.

In the essay, Maxwedb dn/Znencg on fAg Epolntion o/ fAg Idga o/ 
PAyrirn/ PgaJAy (1931), Einstein began with a sentence that could have 
been taken almost verbatim from Max Planck's attack on Mach in 1909, 
cited above: "The belief in an external world independent of the per
ceiving subject is the basis of all natural science." Again and again, in 
the period beginning with his work on the general relativity theory, Ein
stein insisted that between experience and reason, as well as between the 
world of sensory perception and the objective world, there are logically 
unbridgeable chasms. He characterized the efficacy of reason to grasp 
reality by the word ndfacMioMr; the very terminology in these statements 
would have been an anathema to Mach.

We may well ask when and under what circumstances Einstein him
self became aware of his change. Here again, we may turn for illumi
nation to one of the hitherto unpublished letters, one written to his old 
friend, Cornelius Lanczos, on 24 January 1938:

Coming from sceptical empiricism of somewhat the kind of Mach's, I was 
made, by the problem of gravitation, into a believing rationalist, that is, one 
who seeks the only trustworthy source of truth in mathematical simplicity. The 
logically simple does not, of course, have to be physically true; but the physi
cally true is logically simple, that is, it has unity at the foundation.

Indeed, all the evidence points to the conclusion that Einstein's work on 
general relativity theory was crucial in his epistemological development. 
As he wrote later in PAydgr and Pgn/Ay (1936) : "the first aim of the 
general theory of relativity was the preliminary version which, while not 
meeting the requirements for constituting a closed system, could be con
nected in as simple a manner as possible with 'directly observed facts.'
But the aim, still apparent during the first years of correspondence with 
Mach, could not be achieved. In iVofgr on f Ag Gridin o/ tAg General 
TAoory o/ Pg/nh'gAy, Einstein reported:

I soon saw that the inclusion of non-linear transformation, as the principle of 
equivalence demanded, was inevitably fatal to the simple physical interpretation 
of the coordinate—i.e., that it could no longer be required that coordinate dif
ferences [dr] should signify direct results of measurement with ideal scales or 
clocks. I was much bothered by this piece of knowledge . . . [just as Mach must 
have been].
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The solution of the above mentioned dilemma [from 1912 on] was therefore 
as follows: A physical significance attaches not to the differentials of the coor
dinates, but only to the Riemannian metric corresponding to them.66

And this is preciseiy a. chief result of the 1913 essay of Einstein and 
Grossmann,"6 the same paper which Einstein sent to Mach and dis
cussed in his fourth letter. This result was the final consequence of the 
Minkowskian four-space representation—the sacrifice of the primacy of 
direct sense perception in constructing a physically significant system. It 
was the choice that Einstein had to make—against fidelity to a cata
logue of individual operational experiences, and in favor of fidelity to 
the ancient hope for a unity at the base of physical theory.6?

Enough has been written in other places to show the connections that 
existed between Einstein's scientific rationalism and his religious beliefs. 
Max Bom summarized it in one sentence: "He believed in the power 
of reason to guess the laws according to which God has built the 
wor!d."6s Perhaps the best expression of this position by Einstein him
self is to be found in his essay, der F<dd-
TAeotM, in the FESTSCHRIFT of 1929 for Aurel Stodola:

Physical Theory has two ardent desires, to gather up as far as possible all per
tinent phenomena and their connections, and to help us not only to know Aow 
Nature is and Acw her transactions are carried through, but also to reach as far 
as possible the perhaps utopian and seemingly arrogant aim of knowing why 
Nature is tAui and not otAorioho. Here lies the highest satisfaction of a scien
tific person. . .. [On making deductions from a "fundamental hypothesis" such 
as that of the kinetic-molecular theory,] one experiences, so to speak, that God 
Himself could not have arranged those connections [between, for example, pres
sure, volume, and temperature] in any other way than that which factually 
exists, any more than it would be in His power to make the number 4 into a 
prime number. This is the promethean element of the scientific experience. .. . 
Here has always been for me the particular magic of scientific considerations; 
that is, as it were, the religious basis of scientific effort.""

This fervor is indeed far from the kind of analysis which Einstein 
had made only a few years earlier. It is doubly far from the asceticism 
of his first philosophic mentor, Mach, who had written in his day book: 
"Colors, space, tones, etc. These are the only realities. Others do not 
exist."?" It is, on the contrary, far closer to the rational realism of his 
first scientific mentor, Planck, who had written: "The disjointed data of 
experience can never furnish a veritable science without the intelligent

ON RELATIVITY THEORY

260



interference of a spirit actuated by faith. . . . We have a right to feel 
secure in surrendering to our belief in a philosophy of the world based 
upon a faith in the rational ordering of this world. Indeed,  we note 
the philosophical kinship of Einstein's position with seventeenth-century 
natural philosophers—for example, with Johannes Kepler who, in the 
preface of the M y s T E m u M  C o s M O G R A P H ic u M , announced that he 
wanted to find out concerning the number, positions, and motions of the 
planets, "why they are as they are, and not otherwise," and who wrote 
to Herwart in April, 1599, that, with regard to numbers and quantity, 
"our knowledge is of the same kind as God's, at least insofar as we can 
understand something of it in this mortal life."

Not unexpectedly, we find that during this period (around 1930) 
Einstein's non-scientific writings began to refer to religious questions 
much more frequently than before. There is a close relation between his 
epistemology, in which reality does not need to be validated by the in
dividual's sensorium, and what he called "Cosmic Religion," defined as 
follows: "The individual feels the vanity of human desires and aims, 
and the nobility and marvelous order which are revealed in nature and 
in the world of thought. He feels the individual destiny as an imprison
ment and seeks to experience the totality of existence as a unity full of 
significance."^

Needless to say, Einstein's friends from earlier days sometimes had to 
be informed of his change of outlook in a blunt way. For example, Ein
stein wrote to Moritz Schlick on 28 November 1930:

In general your presentation fails to correspond to my conceptual style insofar 
as I find your whole orientation so to speak too positivistic... .1 tell you straight 
out: Physics is the attempt at the conceptual construction of a model of the 
rM? tcorM and of its lawful structure. To be sure, it [physics] must present ex
actly the empirical relations between those sense experiences to which we are 
open; but only in tAir way is it chained to them. . . .  In short, I suffer under 
the (unsharp) separation of Reality of Experience and Reality of Being. . . .

You will be astonished about the "metaphysicist" Einstein. But every four- 
and two-legged animal is de facto in this sense metaphysicist. [Emphasis in the 
original.]

Similarly, Philipp Frank, Einstein's early associate and later his biog
rapher, reports that the realization of Einstein's true state of thought 
reached Frank in a most embarrassing way, at the Congress of German 
physicists in Prague in 1929, just as Frank was delivering "an address in
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which I attacked the metaphysical position of the German physicists and 
defended the positivistic ideas of Mach." The very next speaker disagreed 
and showed Frank that he had been mistaken still to associate Einstein's 
views with that of Mach and himself. "He added that Einstein was en
tirely in accord with Planck's view that physical laws describe a reality 
in space and time that is independent of ourselves. At that time," Frank 
comments, "this presentation of Einstein's views took me very much by
surprise.""

In retrospect it is, of course, much easier to see the evidences that 
this change was being prepared. Einstein himself realized more and 
more clearly how closely he had moved to Planck, from whom he earlier 
dissociated himself in three of the four letters to Mach. At the celebra
tion of Planck's sixtieth birthday, two years after Mach's death, Einstein 
made a moving speech in which, perhaps for the first time, he referred 
publicly to the Planck-Mach dispute and affirmed his belief that "there 
is no logical way to the discovery of these elementary laws. There is only 
the way of intuition" based on EiwfiiAfMng in experienced* The scien
tific dispute concerning the theory of radiation between Einstein and 
Planck, too, had been settled (in Einstein's favor) by a sequence of de
velopments after 1911—for example, by Bohr's theory of radiation from 
gas atoms. As colleagues, Planck and Einstein saw each other regularly 
from 1913 on. Among evidences of the coincidence of these outlooks 
there is in the Einstein Archives a handwritten draft, written on or just 
before 17 April 1931 and intended as Einstein's introduction to Planck's 
hard-hitting article Pofitiviftn and tAe Peal Exterwcd IForid." In laud
ing Planck's article, Einstein concludes: "I presume I may add that both 
Planck's conception of the logical state of affairs as well as his subjective 
expectation concerning the later development of our science corresponds 
entirely with my own understanding.""

This essay gave a clear exposition of Planck's (and one may assume, 
Einstein's) views, both in physics and in philosophy more generally. 
Thus Planck wrote there:

The essential point of the positivist theory is that there is no other source of 
knowledge except the straight and short way of perception through the senses. 
Positivism always holds strictly to that. Now, the two sentences: (1) tAere if 
a real outer toorid toitic/t exiftf independently of our act of knowing and (2) 
tAe real outer toorid if ttof directly AnotoaMe form together the cardinal hinge 
on which the whole structure of physical science turns. And yet there is a certain
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degree of contradiction between those two sentences. This fact discloses the 
presence of the irrational, or mystic, element which adheres to physical science 
as to every other branch of human knowledge. The effect of this is that a sci
ence is never in a position completely and exhaustively to solve the problem it 
has to face. We must accept that as a hard and fast, irrefutable fact, and this 
fact cannot be removed by a theory which restricts the scope of science at its 
very start. Therefore, we see the task of science arising before us as an incessant 
struggle toward a goal which will never be reached, because by its very nature 
it is unreachable. It is of a metaphysical character, and, as such, is always again 
and again beyond our achievement.??

From then on, Einstein's and Planck's writings on these matters are 
often almost indistinguishable from each other. Thus, in an essay in 
honor of Bertrand Russell, Einstein warns that the "fateful 'fear of 
metaphysics' . . . has come to be a malady of contemporary empiricistic 
philosophizing."^ On the other hand, in the numerous letters between 
the two old friends, Einstein and Besso, each to the very end touchingly 
and patiently tries to explain his position, and perhaps to change the 
other's. Thus, on 28 February 1952, Besso once more presents a way of 
making Mach's views again acceptable to Einstein. The latter, in 
answering on 20 March 1952, once more responds that the facts cannot 
lead to a deductive theory and, at most, can set the stage "for intuiting a 
general principle" as the basis of a deductive theory. A little later, Besso 
is gently scolded (in Einstein's letter of 13 July 1952) : "It appears that 
you do not take the four-dimensionality of reality seriously, but that in
stead you take the present to be the only reality. What you call 'world' 
is in physical terminology 'spacelike sections' for which the relativity 
theory—already the special theory—denies objective reality."

In the end, Einstein came to embrace the view which many, and 
perhaps he himself, thought earlier he had eliminated from physics in 
his basic 1905 paper on relativity theory: that there exists an external, 
objective, physical reality which we may hope to grasp—not directly, 
empirically, or logically, or with fullest certainty, but at least by an in
tuitive leap, one that is only guided by experience of the totality of sen
sible "facts." Events take place in a "real world," of which the space- 
time world of sensory experience, and even the world of multidimen
sional continua, are useful conceptions, but no more than that.

For a scientist to change his philosophical beliefs so fundamentally is 
rare, but not unprecedented. Mach himself underwent a dramatic trans-
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formation quite early (from Kantian idealism, at about age seventeen 
or eighteen, according to Mach's autobiographical notes). We have 
noted that Ostwald changed twice, once to anti-atomism and then back 
to atomism. And strangely Pianck himseif confessed in his 1910 attack 
on Mach^ that some twenty years earlier, near the beginning of his own 
career when Planck was in his late twenties (and Mach was in his late 
forties), he, too, had been counted "one of the decided followers of the 
Machist philosophy," as indeed is evident in Planck's early essay on the 
conservation of energy (1887).

In an unpublished fragment apparently intended as an additional 
critical reply to one of the essays in the collection ALBERT EiNSTEiN: 
PHiLosopHER-SciENTisT (1949), Einstein returned once more to deal 
—quite scathingly—with the opposition. The very words he used showed 
how complete was the change in his epistemology. Perhaps even without 
consciously remembering Planck's words in the attack on Mach of 1909 
cited earlier—that a basic aim of science is "the complete liberation of 
the physical world picture from the individuality of the separate intel
lects"^—Einstein refers to a "basic axiom" in his own thinking:

It is the postulation of a "real world" which so-to-speak liberates the "world" 
from the thinking and experiencing subject. The extreme positivists think that 
they can do without it; this seems to me to be an illusion, if they are not will
ing to renounce thought itself.

Einstein's final epistemological message was that the world of mere 
experience must be subjugated by and based in fundamental thought so 
general that it may be called cosmological in character. To be sure, 
modern philosophy did not gain thereby a major, novel, and finished 
corpus. Physicists the world over generally feel that today one must steer 
more or less a middle course in the area between, on the one hand, the 
Machist attachment to empirical data or heuristic proposals as the sole 
source of theory and, on the other, the aesthetic-mathematical attach
ment to persuasive internal harmony as the warrant of truth. Moreover, 
the old dichotomy between rationalism and empiricism is slowly being 
dissolved in new approaches.^" Yet by encompassing in his own philo
sophical development both ends of this range, and by always stating 
forthrightly and with eloquence his redefined position, Einstein not only 
helped us to define our own, but also gave us a virtually unique case 
study of the interaction of science and epistemology.
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NOTES

1. The main results of the study to this point are contained in Chapters 6 
through 9.

2. These documents are mostly on deposit at the Archives of the Estate of 
Aibert Einstein at Princeton; where not otherwise indicated, citations made here 
are from those documents. In studying and helping to order for scholarly pur
poses the materials in the Archives, I am grateful for the help received from 
the Trustees of the Albert Einstein Estate, and particularly from Miss Helen 
Dukas.

I thank the Executor of the Estate for permission to quote from the writings 
of Albert Einstein. I also wish to acknowledge the financial support provided 
by the Rockefeller Foundation for cataloguing the collection in the Archives at 
Princeton. The Institute for Advanced Study at Princeton and its director have 
been most hospitable throughout this continuing work. I am also grateful to 
M. Vero Besso for permission to quote from the letters of his father, Michel- 
ange Besso. All translations here are the author's unless otherwise indicated.

Early drafts of portions of this essay have been presented as invited papers 
at the Tagung of Eranor in Ascona (August, 1965), at the International Con
gress for the History of Science in Warsaw (August, 1965), and at the meeting, 
Fcignce et FyntAere, at UNESCO in Paris (December, 1965), published in 
SctENCEETSYNTHksE, Paris: Gallimard, 1967.

3. This letter as well as the next two letters mentioned in the text (those of 
3 April 1901 and 13 April 1901) have been published by Hans-Gunther 
Korber, FoRSCH UNG EN UND FoRTSCHRtTTE, 38: 75-76,1964.

4. Albert Einstein, E o lg g r u n g g n  a M  d e n  C a p d ia r ifa H e M c h e tn n n g e n , A N N A L - 

EN DER PHYstK, 4:513-523,1901.

5. The only other known attempt on Einstein's part to obtain an assistantship 
at that time was a request to Kammerlingh-Onnes (12 April 1901), to which, 
incidentally, he also seems to have received no response.

6. J. T. Men, A HISTORY OF EUROPEAN TH O UG H T IN THE NINETEENTH

CENTURY, 4 vols. (Edinburgh: William Blackwood & Sons, 1904—1912; re
print ed., New York: Dover Publishing Co., 1965) Volume II, pp. 184, 199.

7. ERiNNERUNG EN AN ALBERT E iN ST E iN , issued by the Patent Office in 
Bern, about 1965 (n. d., no pagination).

8. Wilhelm Ostwald, CAemitcAe Energie, L E H R B U C H  DER A L L G E M E iN E N  

C i tE M iE ,  2nd ed. (Leipzig: Verlag von Wilhelm Engelmann, 1893), Volume 
II, Part 1, pp. 1014, 1016.

9 . Albert Einstein, .dufoMograpAicd? in P. A. Schilpp, ed., ALBERT
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E iN S T E iN : P m L o s o P H E R - S a E N T iS T  (Evanston, HI.: Library o f  Living Philos
ophers, 1949), p. 15.

10. Anton Reiser, ALBERT EiNSTEiN (New York: A. & C. Boni, 1930), pp. 
51-52.

11. Emst Mach, DtE M E C H A N IK  tN  tH R E R  E N T W IC K L U N G , H IS T O R IS C H - 

K R IT IS C H  D ARG ESTELLT, Leipzig: 1883.

12. Mach, op. c:t., preface, 7th ed., 1912.

13. Moritz Schlick, Ernjt AfacA, dor PMoropA, in a special supplement on 
Emst Mach in the N E U E  F R E iE  P R E S S E  (Vienna), 1'2 June 1926. Einstein him
self, in a brief and telling analysis, Zar Eat/iMMaag oon Erntf AfacAr Doakmaf, 
published in the same issue (the day of the unveiling of a monument to Mach), 
wrote:

"Emst Mach's strongest driving force was a philosophical one: the dignity 
of all scientific concepts and statements rests solely in isolated experiences [E:n- 
zo/orlo&a:Mo] to which the concepts refer. This fundamental proposition exerted 
mastery over him in all his research and gave him the strength to examine the 
traditional fundamental concepts of physics (time, space, inertia) with an in
dependence which at that time was unheard of."

14. Among many evidences of Mach's effectiveness, not the least are his five 
hundred or more publications (counting all editions—for example, seven edi
tions of his T H E  S C IE N C E  OF M E C H A N IC S  in German alone during his lifetime), 
as well as his large exchange of letters, books, and reprints (of which many 
important ones "carry the dedication of their authors," to cite the impressive 
catalogue of Mach's library by Theodor Ackermann, Munich, No. 634 [1959] 
and No. 636 [I960]). A glimpse of Mach's effect on those near him was fur
nished by William James, who in 1882 heard Mach give a "beautiful" lecture 
in Prague. Mach received James "with open arms. . . . Mach came to my hotel 
and I spent four hours walking and supping with him at his club, an unforget
table conversation. I don't think anyone ever gave me so strong an impression 
of pure intellectual genius. He apparently has read everything and thought 
about everything, and has an absolute simplicity of manner and winningness of 
smile when his face lights up, that are charming." From James's letter, in Gay 
Wilson Allen, W iL L iA M  JA M E S , A BIO G RA PH Y  (New York: Viking Press, 1967), 
p. 249.

The topicality of Mach's early speculations on what is now part of General 
Relativity Theory is attested to by the large number of continuing contributions 
on the Mach Principle. Beyond that, Mach's influence today is still strong in 
scientific thinking, though few are as explicit and forthright as the distinguished 
physicist R. H. Dicke of Princeton University, in his recent, technical book 
T H E  T H E O R E T IC A L  SIG N IFIC A N C E  OF E X P E R IM E N T A L  R EL A T IV IT Y  (London:
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Gordon and Breach, 1964), pp. vii-viii: "I was curious to know how many 
other reasonable theories [in addition to Genera! Relativity] wouid be supported 
by the same facts. . . . The reason for limiting the class of theories in this way 
is to be found in matters of philosophy, not in the observations. Foremost among 
these considerations was the philosophy of Bishop Berkeley and E. Mach. . . . 
The phiiosophy of Berkeiey and Mach always lurked in the background and 
influenced aii of my thoughts."

15. Albert Einstein, Lrnrt MacA, P H Y S tK A L is c H E  Z E r r s c m u F T ,  17: I d -  
104, 1916.

16. Einstein, AutoAfograpAfcai Voter, p. 21.

17. Gerald Holton, On tAe Origfnr c/ tAe special TAeary a/ Relativity, 
A M E R IC A N  JO U R N A L  OF P H Y S IC S , 28:627-636, 1960. Much o f  this article is incor
porated in Chapter 6.

18. Gerald Holton, On tAe TAematic Aaaiyrir a/ Science.' TAe Cara o/ 
Poincare and Relativity, M E L A N G E S  A L E X A N D R E  K o Y R E  (Paris: Hermann, 
1964), pp. 257-268, in good part used in Chapter 6.

19. For evidences that this insistence on prior epistemological analysis of 
conceptions of space and time are Machist rather than primarily derived from 
Hume and Kant (who had, however, also been influential), see Einstein's de
tailed rendition of Mach's critique of Newtonian space and time, in note 15; 
his discussion of Mach in note 9, pp. 27-29; and in note 1.

20. Albert Einstein, Zar EleAtrodynamiA Aeivegter Rorper, A N N A L E N  DER 

P H Y S iK , 1'7:893, 1905.

21. 7Aid.,p. 894.

22. Philipp Frank, Einrtein, MacA, and Logical Po.sitivi!??:, in Schilpp, op. 
cit., pp. 272-273. "The definition of simultaneity in the special theory of rela
tivity is based on Mach's requirement that every statement in physics has to 
state relations between observable quantities. . . . There is no doubt that . . . 
Mach's requirement, the 'positivistic' requirement, was of great heuristic value 
to Einstein."

23. For example, see Philipp Frank, MODERN SCIENCE AND ITS PHILOSOPHY 
(New York: George Braziller, 1955), pp. 61-89; Viktor Kraft, THE VIENNA 
CiRCLE, trans. Arthur Pap (New York: Philosophical Library, 1953); Richard
von Mises, E R N S T  M A C H  U N D  DIE E M P IR IS T IS C H E  W lS S E N S C H A F T S A U F F A S S U N G  

(1938; printed as a fascicule of the series E iN H E iT S w is S E N S C H A F T ) .

24. J o s e p h  Petzoldt, GcrciAscAa/t /iir poritivirticAe PAiioropAie, r e p r i n t e d  in  

Z E iT S C H R iF T  FUR p o s iT i v iS T is c H E  P H i L o s o P H iE ,  1:4, 1913. In t h a t  s a m e  s p e e c h ,  

P e t z o l d t  s o u n d e d  a  t h e m e  t h a t  b e c a m e  widely f a v o r e d  i n  t h e  p o s i t i v i s t i c  i n t e r -
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pretation of the genesis of relativity theory—namely, that the relativity theory 
was developed in direct response to the puzzle posed by the results of the 
Michelson experiment.

In his interesting essay, Das FerAaitnis der AfaeAscAen zar
ReiatiaitatstAeorie, published as an appendix to the eighth German edition 
of Ernst Mach's Dm M E C H A N in  IN  iH R E R  E N T w tc K L U N G  (Leipzig: F. A. 
Brockhaus, 1921), pp. 490-517, Petzoldt faithfully attempts to identify and dis
cuss several Machist aspects of Einstein's relativity theory:

(1) The theory "in the end is based on the recognition of the coincidence 
of sensations; and therefore it is fully in accord with Mach's world-view, which 
may be best characterized as a relativistic positivism" (p. 516).

(2) Mach's works "produced the atmosphere without which Einstein's Rela
tivity Theory would not have been possible" (p. 494), and in particular Mach's 
analysis of the equivalence of rotating reference objects in Newton's bucket ex
periment prepared for the next step, Einstein's "equivalence of relatively mov
ing coordinate systems" (p. 495).

(3) Mach's principle of economy is said to be marvelously exhibited in 
Einstein's succinct and simple statements of the two fundamental hypotheses. 
The postulate of the equivalence of inertial coordinate systems deals with "the 
simplest case thinkable, which now also serves as a fundamental pillar for the 
General Theory. And Einstein chose also with relatively greatest simplicity the 
other basic postulate [constancy of light velocity], . . . These are the founda
tions. Everything else is logical consequence" (pp. 497-498).

25. Letter of Besso to Einstein, 1'6 February 1939. Among many testimonies 
to the effect of Einstein on positivistic philosophies of science, see P. W. Bridg
man, Einstein's TAeory and tAe Operational Point o/ Fieai, in Schilpp, op. cit., 
pp. 335-354.

26. Emst Mach, H IS T O R Y  A ND R O O T  O F T H E  P R IN C IP L E  O F T H E  C O N S E R V A 

TIO N  O F E N E R G Y  (Chicago: The Open Court Publishing Co., 1911), p. 95, 
translation by Philip E. B. Jourdain of the second edition (Emst Mach, DiE
G E S C H IC H T E  U N D  DIE W u R Z E L  D ES S A T Z E S  V ON DER E R H A L T U N G  DER A R B E IT ,

Leipzig: J. A. Barth, 1909). For a brief analysis of Mach's various expressions 
of adherence as well as reservations with respect to the principle of relativity, 
see Hugo Dingier, DiE G R U N D G E D A N K E N  DER M A C H S C H E N  P H IL O S O P H IE  

(Leipzig: J. A. Barth, 1924), pp. 73-86. Friedrich Hemeck (NocAmais iiAer 
Einstein and AfacA, PHYSiKAnscHE BLATTER, 17:275, 1961) reports that 
Frank wrote him he had the impression during a discussion with Emst Mach 
around 1910 that Mach "was fully in accord with Einstein's special relativity 
theory, and particularly with its philosophical basis."

27. Republished in Max Planck, A S U R V E Y  O F P H Y S IC A L  T H E O R Y  (New
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York: Dover Publications, I960), p. 24. We shall read later a realHrmation of 
this position, in aimost exactly the same words, but from another pen.

After Mach's rejoinder (Die EgifggJanAgn rngiagr nafurwissgascAaJfficAgn 
ErAgrmfnis/gArg imd i'Arg Au/naAmg durcA dig Zgifggitassga, SciENTiA, 7:225, 
1910), Planck wrote a second, much more angry essay, Zur AfacAscAgn TAgori'g 
dgr pAysiAafi'scAga ErAganiais, VtERTELjAHRSCHRiFT ruR wissENscHAFT- 
n c H E  P H i L o s o p m E ,  3 4 : 5 0 7 ,  1 9 1 0 .  He ends as follows: "If the physicist wishes 
to further his science, he must be a Realist, not an Economist [in the sense of 
Mach's principle of economy]; that is, in the fiux of appearances he must above 
all search for and unveil that which persists, is not transient, and is independent 
of human senses."

28. Philipp Frank, EtNSTEiN, His LiFE AND TiMEs, trans. George Rose, ed. 
and rev. Suichi Kusaka, New York: Alfred A. Knopf, 1947.

29. Later Einstein found that this procedure did not work; see Albert Ein
stein, Notes oa tAg Origin o/ tAe General YAeory o/ Rgfatmi'ty, IDEAS AND 
OPINIONS, trans. Sonja Bargmann (London: Alvin Redman, 1954), pp. 
285-290; and other publications. In a letter of 2 February 1954 to Felix Pirani, 
Einstein writes: "One shouldn't talk at all any longer of Mach's principle, in 
my opinion. It arose at a time when one thought that 'ponderable bodies' were 
the only physical reality and that in a theory all elements that are not fully de
termined by them should be conscientiously avoided. I am quite aware of the 
fact that for a long time, I, too, was influenced by this fixed idea."

30. Albert Einstein and Marcel Grossman, Eafwttr/ gfngr ĝral/ggirtgiitgrlgn 
RgJafinitafsfAgorig imd eingr TAgorig dgr Craaifafioa, Z E iT s c H R iF T  FUR 

M A T H E M A T IK  U N D  P H Y S IK , 62:225-261, 1913.

31. For a further analysis and the full text of the four letters see Friedrich 
Hemeck, Z a m  Bn'g/mgcAsgi AfAgrt Einsfgins mif Ernst AfagA, F o R S C H U N G E N  

U N D  F o R T s c H R iT T E , 37:239-243, 1963, and Dig Bgzi'gAtmggn zwiscAga Einstgin 
tmd AfacA, docuingnfariscA Darggstgfft, W is S E N S C H A F T L ic H E  Z E IT S C H R IF T  

DER F R IE D R IC H -S cH IL L E R -U N IV E R S IT A T  J E N A , M A T H E M A T IS C H -N A T U R W IS S E N - 

S C H A F T L IC H E  R E iH E , 15:1-14, 1966; and Helmut Hon!, Em Brig/ AfAgrt Ein- 
sfgins an Ernst AfacA, P H Y S iK A L is c H E  B L A TT ER , 16:571-580, 1960. Many 
other evidences, direct and indirect, have been published to show Mach's in
fluence on Einstein prior to Mach's death in 1916. For example, recently a doc
ument has been found which shows that in 1911 Mach had participated in for
mulating and signing a manifesto calling for the founding of a society for 
positivistic philosophy. Among the signers, together with Mach, we find Joseph 
Petzoldt, David Hilbert, Felix Klein, Georg Helm, Sigmund Freud, and Ein
stein. (See Hemeck, NocAmafs liAgrEmsiem und AfacA, p. 276.)

32. Ernst Mach, Dig EgitgcdanAcn memer nafaricisscascAa/tficAgn ErA-
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e i m tn M je d r e  M n d  iA re  A M /w a A m g  d u r c A  d i e  Z e d g e n o n e n ,  P H Y S IK A H S C H E

Z E iT S C H R iF T , 11:605, 1910. (Emphasis added.) To be sure, Mach was not 
always a "Machist" himself.

33. See Einstein, Time, .Sjpace, and Craaitation (1948), OuT OF My EATER 
YEARS (New York: Philosophical Library, 1950), pp. 54—58. Einstein makes 
the distinction between constructive theories and "theories of principle." Ein
stein cites, as an example of the latter, the relativity theory, and the laws of 
thermodynamics. Such theories of principle, Einstein says, start with "empiri
cally observed general properties of phenomena." See also AidoAiograpAicai 
NotM, p. 53.

34. Ernst Mach, D iE  P m N Z iP iF .N  DER P H Y s n tA L is c H E N  OpTtK, Leipzig: 
J. A. Barth, 1921. The English edition is T H E  P R IN C IP L E S  OF P H Y S IC A L  Op- 
T i c s ,  trans. John S. Anderson and A. F. A. Young (London: Methuen, 1926); 
reprint ed., New York: Dover Publications, 1953), pp. vii-viii.

35. Einstein, in Seance da 6 aard, 7922.* La TAeorie da /a reiatiade, BUL
LETIN DE LA SoCIETE FRANQAISE DE PHILOSOPHIE, 22:91-113, 1922. In his 1913 
preface rejecting relativity, Mach expressed himself perhaps more impetuously 
and irascibly than he may have meant. Some evidence for this possibility is in 
Mach's letters to Petzoldt. In early 1914, Mach wrote: "I have received the 
copy of the positivistic ZEITSCHRIFT which contains your article on relativity; 
I liked it not only because you copiously acknowledge my humble contributions 
with respect to that theme, but also in general." And within a month, Mach 
writes—rather more incoherently—to Petzoldt: "The enclosed letter of Ein
stein [a copy of the last of Einstein's four letters, cited above] proves the pene
tration of positivistic philosophy into physics; you can be glad about it. A year 
ago, philosophy was altogether sheer nonsense. The details prove it. The para
dox of the clock would not have been noticed by Einstein a year ago."

I thank Dr. John Blackmore for drawing my attention to the Mach-Petzoldt 
letters, and Dr. H. Muller for providing copies from the Petzoldt Archive in 
Berlin.

36. R. S. Shankland, CotmerjatiotM tad/: AMERICAN JOURNAL OF
PHYsics, 31:56, 1963.

37. A typical example is his letter of 18 September 1930 to Armin Weiner: 
" . . .  I did not have a particularly important exchange of letters with Mach. 
However, Mach did have a considerable influence upon my development 
through his writings. Whether or to what extent my life's work was influenced 
thereby is impossible for me to 6nd out. Mach occupied himself in his last 
years with the relativity theory, and in a preface to a late edition of one of 
his works even spoke out in rather sharp refusal against the relativity theory. 
However, there can be no doubt that this was a consequence of a lessening
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ability to take up [new ideas] owing to his age, for the whole direction of 
thought of this theory conforms with Mach's, so that Mach quite rightly is 
considered as a forerunner of general relativity theory. . .

I thank Colonel Bern Dibner for making a copy of the letter available to me 
from the Archives of the Bumdy Library in Norwalk, Connecticut. Among 
other hitherto unpublished letters in which Einstein indicated his indebtedness 
to Mach, we may cite one to Anton Lampa, 9 December 1935: ". . . You speak 
about Mach as about a man who has gone into oblivion. I cannot believe that 
this corresponds to the fact since the philosophical orientation of the physicists 
today is rather close to that of Mach, a circumstance which rests not a little 
on the influence of Mach's writings."

Moreover, practically everyone else shared Einstein's explicitly expressed 
opinion of the debt of relativity theory to Mach; thus Hans Reichenbach wrote 
in 1921', "Einstein's theory signified the accomplishment of Mach's program." 
(Dgr geggnmartigg Aand der Locos, 10:333, 1922.)
Even Hugo Dingier agreed: [Mach's] criticism of the Newtonian conceptions 
of time and space served as a starting point for the relativity theory. . . . Not 
only Einstein's work, but even more recent developments, such as Heisenberg's 
quantum mechanics, have been inspired by the Machian philosophy." Hugo 
Dingier, E?wt AfacA, E N C Y C LO PE D IA  OF T H E  S o c iA L  S C IE N C E S , ed. Edwin R. A. 
Seligman and Alvin Johnson (New York: Macmillan Co., 1933), Volume 
9, p. 653. And H. E. Hering wrote an essay whose title is typical of many others: 
AfacA aL Horfau/gr dgj pAyj:Aah'tcAga Rc/atmAat r̂inzi/n, K o L N E R  U N IV E R - 

s tT A T S Z E iT U N G , 1:3-4, January 17, 1920. I thank Dr. John Blackmore for a 
copy of the article.

38. In his article, Zwr EatAAffuTtg pan Erart AfacAj DenAaial, in the special 
supplement of N E U E  FR EIE P R E S S E  cited in note 13, Einstein—then already 
disenchanted for some time with the Machist program—wrote immediately 
after the portion quoted in note 13:

"Philosophers and scientists have often criticized Mach, and correctly so, 
because he erased the logical independence of the concepts vis-a-vis the 'sen
sations,' [and] because he wanted to dissolve the Reality of Being, without 
whose postulation no physics is possible, in the Reality of Experience . . . ."

There were additional sources, both published and unpublished, on the de
tailed aspects of the relation between Einstein and Mach, which, for lack of 
space, cannot be summarized here.

39. For example, by Einstein himself, by Joseph Petzoldt, and by Hugo 
Dingier. I assign relatively little weight to the possibility that the rift grew 
out of the difference between Einstein and Mach on atomism. Hemeck pro
vides the significant report that according to a letter from Philipp Frank, Mach 
was personally influenced by Dingier, whom Mach had praised in the 1912
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edition of the MECHANtu and who was from the beginning an opponent of 
relativity theory, becoming one of the most "embittered enemies" of Einstein 
(Hemeck, Die EezioAungen ZHnrcAen Einrtein and AfacA, p. 14; see note 31). 
The copies of letters from Dingier to Mach in the Emst-Mach-Institute in 
Freiburg indicate Dingler's intentions; nevertheless, there remains a puzzle 
about Dingler's role which is worth investigating. It is significant that in his 
1921 essay (see note 24) Petzoldt devotes much space to a defense of Einstein's 
work against Dingler's attacks. See also Joachim Thiele, Zna/yrir o/ AfacAT 
Prc/acO, in NTM, S c H R IF T E N R E IH E  FU R G E S C H IC H T E  DER N A T U R W tS S E N - 

S C H A F T E N , T E C H N IK  u N D  M E D tz iN  (Leipzig), 2, no. 6:10-19, 1965.

40. Albert Einstein, AlAcr RciafioitafrtAcorig, MEIN WELTBiLD (Amster
dam: Querido Verlag, 1934), pp. 214—220; republished as On fAc TAcory o/ 
Rciatinity, ID E A S  AND O P IN IO N S , pp. 246-249. Hemeck has given the texts of 
similar discussions on phonographic records by Einstein in 1921 and even in 
1924; cf. Hemeck's transcriptions of Einstein, Zioci TondoAnmonto Einrfcinr 
zarRciafioifaMAcoric, F o R S C H U N G E N  U N D  F o R T S C H R rr rE ,  40:133-134, 1966.

41. Quotations from Einstein, Zar AletAodiA dcr tAeoretircAcn PAyriA, MEtN 
W E L T B iL D , p p .  176-187, as reprinted in translation in O n  fAo AfetAod o /  PAco- 
reiicai PAyncr, ID E A S  A N D  O P IN IO N S , pp. 270-276, except for correction of 
mistranslation of one line. There are a number of later lectures and essays in 
which the same point is made. See, for example, the lecture, PAyrfcs a n d  R e a l 

ity (1936, reprinted in ID E A S  AND O P IN IO N S , pp. 290-323), which states that 
Mach's theory of knowledge is insufficient on account of the relative closeness 
between experience and the concepts which it uses; Einstein advocates go
ing beyond this "phenomenological physics" to achieve a theory whose basis 
may be further removed from direct experience, but which in return has more 
"unity in the foundations." Or see ZafoAiograpAicai iVofer, p. 27: "In the 
choice of theories in the future," he indicates that the basic concepts and 
axioms will continue to "distance themselves from what is directly observable."

Even as Einstein's views developed to encompass the "cricAAarc, AcoAacAf- 
Aare" facts as well as the "an'id-rpeAuiafiac" nature of theory, so did those 
of many of the philosophers of science who also had earlier started from a 
strict Machist position. This growing modification of the original position, 
partly owing to "the growing understanding of the general theory of rela
tivity," has been chronicled by Frank, for example, in Einrfcin, AfacA, and 
Logical PoritiaMm, in Schilpp, op. cit., pp. 271-286.

42. For a discussion of thematic and phenomenic elements in theory con
struction, see my article, FAe TAematic Imagination in Science, in S C IE N C E  

AND C U L T U R E , ed. Gerald Holton (Boston: Houghton Mifflin Co., 1965), and 
incorporated here in the Introduction and Chapter 1.
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43. Einstein, 4ntoA:ogrnpA:cn/ /Voter, p. 53. Emphasis added. On pp. 9-11, 
Einstein describes what may be a possible precursor of this attitude in his study 
of geometry in his childhood.

44. Einstein, tl&er dor Re/o/toi/dtrprfnz/p nnd die am denue/Aen gezogenett 
Fo/gerungen, JA H R B U C H  DER RADIO A KTIV ITA T U N D  E L E K T R O N IK , 4:411-462,
1907.

45. Walter Kaufmann. DAer die Ronrt/tnRon der F/eAtronr, A N N A L E N  DER

P H Y S IK , 19:487-553, 1906.

46. 7A/d., p. 495. Emphasis in original.
47. See note 44, p. 439.

48. dic'd. Shortly after Kaufmann's article appeared, Max Planck (Die 
KaM/mannrcAen Aferrtmgen der 4A/enAAarAe:t der /3-FtraMen in /Arer Bedeu- 
tnng /nr die Dynnm/A der F/eA/ronen, P H Y S iK A L is c H E  Z E iT S C H R iF T , 7:753- 
761, 1906) took it on himself publicly to defend Einstein's work in an an
alysis of Kaufmann's claim. He concluded that Kaufmann's data did not 
have sufficient precision for his claim. Incidentally, Planck tried to coin the 
term for the new theory that had not yet been named: "Re/ai:ufAeor:e."

49. It should be remembered that Poincar̂ , with a much longer invest
ment in attempts to fashion a theory of relativity, was quite ready to give in to 
the experimental "evidence." See note 18.

50. Carl Seelig, A L B E R T  E iN S T E iN  (Zurich: EuropaVerlag, 1954), p. 195.

51. Einstein, F/n/ger %Aer die FntrfeAnng der a//geme/nen Re/n/ioitdtr- 
tAeor/e, MEIN WELTBtLD, pp. 248-256, reprinted in translation as Footer on fAe 
Origin o/ tAe Genera/ FAeory o/ Re/at/o/ty, ID EA S A ND O P IN IO N S , pp. 285-90.

52. "Da Aonnt' mir Aa/t der /ieAe Cctf /eid tnn, die DAeorie rt/mmt docA." 
This semi-serious remark of a person who was anything but sacrilegious in
deed illuminates the whole style of a significant group of new physicists. 
P. A. M. Dirac, FAe Foo/nt/on o/ tAe PAyjicijtT Picture o/ /Vatnre, S C IE N 

TIFIC  A M E R IC A N , 208:46-47, 1963 speaks about this, with special attention to 
the work of Schrodinger, a spirit close to that of his friend, Einstein, despite 
the ambivalence of the latter to the advances in quantum physics. We can 
do no better than quote in extenro from Dirac's account:

"Schrodinger worked from a more mathematical point of view, trying to find 
a beautiful theory for describing atomic events, and was helped by deBroglie's 
ideas of waves associated with particles. He was able to extend deBroglie's 
ideas and to get a very beautiful equation, known as Schrodinger's wave 
equation, for describing atomic processes. Schrodinger got this equation 
by pure thought, looking for some beautiful generalization of deBroglie's

273



ON RELATIVITY THEORY

ideas and not by keeping close to the experimental development of the subject 
in the way Heisenberg did.

"I might tell you the story I heard from Schrodinger of how, when he 
first got the ideas for this equation, he immediately applied it to the behavior 
of the electron in the hydrogen atom, and then he got results that did not 
agree with experiment. The disagreement arose because at that time it was 
not known that the electron has a spin. That, of course, was a great disap
pointment to Schrodinger, and it caused him to abandon the work for some 
months. Then he noticed that if he applied the theory in a more approximate 
way, not taking into account the refinements required by relativity, to this 
rough approximation, his work was in agreement with observation. He pub
lished his first paper with only this rough approximation, and in this way 
Schrodinger's wave equation was presented to the world. Afterward, of course, 
when people found out how to take into account correctly the spin of the 
electron, the discrepancy between the results of applying Schrodinger's rela
tivistic equation and the experiment was completely cleared up.

"I think there is a moral to this story, namely, that it is more important 
to have beauty in one's equations than to have them fit experiment. If Schro
dinger had been more confident of his work, he could have published it some 
months earlier, and he could have published a more accurate equation. The 
equation is now known as the Klein-Gordon equation, although it was really 
discovered by Schrodinger before he discovered his nonrelativistic treatment 
of the hydrogen atom. It seems that if one is working from the point of view 
of getting beauty in one's equations, and if one has really a sound insight, 
one is on a sure line of progress. If there is not complete agreement between 
the results of one's work and experiment, one should not allow oneself to be 
too discouraged, because the discrepancy may well be due to minor features 
that are not properly taken into account and that will get cleared up with 
further developments of the theory. That is how quantum mechanics was dis
covered .. ." (pp. 46-47).

53. Published several times—for example, by B. G. Teubner, Leipzig, 1909.
54. Friedrich Herneck, Za einem Briej Albert Eintteinj an Emit Mncb, 

PuYStKAHSCHE BLATTER, 15:564, 1959. Frank's remark is reported by Her
neck in Emit Adacb and Albert Eimtein, SYMPOSIUM A u s  A N L A ss DES 50. 
ToDESTAGES VON ERNST MACH, ed. Frank Kerkhof (Freiburg: Ernst Mach 
Institut, 1966), pp. 45-61.

55. Philipp Frank, Dar Eelatiaitatiprinzip and die DarrteEang der pbyribai- 
Ecben Errcbeinangen im aierdimenrionaien Raam, ZEITSCHRIFT FUR PHYSi- 
KALISCHECHEMIE, 74:466-495, 1910.

56. C. B. Weinberg, AfacbT Empirio-Pragmatiim in Pbyiieai .Science 
(Thesis, Columbia University, 1937).
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57. Mach, Die LcdgedanAen mcincr natMrioissenscAa/tlicAcn ErAcnntnis- 
IcArc and iAre Aa/naAmc darcA die Zeiigenossen, SciENTiA, 7:225.

58. E r n s t  M a c h ,  S P A C E  A N D  G E O M E T R Y  ( C h i c a g o :  O p e n  C o u r t  P u b l i s h i n g  

C o . ,  1906), p .  138. M a c h ' s  a t t e m p t s  t o  s p e c u l a t e  o n  t h e  u s e  o f  n - d i m e n s i o n a l  

s p a c e s  f o r  r e p r e s e n t i n g  t h e  c o n f i g u r a t i o n  o f  s u c h  " m e r e  t h i n g s  o f  t h o u g h t " —  

t h e  d e r o g a t o r y  p h r a s e  a l s o  a p p l i e d  t o  a b s o l u t e  s p a c e  a n d  a b s o l u t e  m o t i o n  i n  

N e w t o n — a r e  f o u n d  i n  h i s  f i r s t  m a j o r  b o o k ,  C O N SE R V A T IO N  OF E N E R G Y  ( f i r s t  

e d i t i o n ,  1872).

59. Cf. Joseph Petzoldt, TcrAiciei die ReiatioitafsiAeorie Raton and Zed
ad Ctioas ITirAlicAes ZM denAcn? VERHANDLUNGEN DER DEUTSCHEN PHYSIKAL-
IS C H E N  G E S E L L S C H A F T , No. 21-24 (1918), pp. 189-201. Here, and again in 
his 1921 essay (note 24), Petzoldt tries to protect Einstein from the charge— 
for example, made by Sommerfeld—that space and time no longer "are to be 
thought of as real."

6 0 . Mach, C O N SE R V A T IO N  OF E N E R G Y , p .  5 4 .

61. See note 35; also reported in Einstein and tAe PAiioso^/ties o/ Rant and 
MacA, NATURE, 112:253,1923.

62. That Einstein did not so misunderstand Newton can be illustrated, for 
example, in a comment reported by C. B. Weinberg: "Dr. Einstein further 
maintained that Mach, as well as Newton, tacitly employs hypotheses—not 
recognizing their non-empirical foundations." (Weinberg, op. cit., p. 55.) 
Dingier analyzed some of the nonempirical foundations of relativity theory in
K R IT IS C H E  B E M E R K U N G E N  ZU  D EN  G R U N D L A G E N  DER R .ELATIVITATSTHEO RIE

(Leipzig: S. Hirzel, 1921).

63. Cited by Robert S. Cohen in his very useful essay Dialectical Material
ism and Carnap's Logical Empiricism, T H E  P H IL O S O P H Y  OF R u D O L F  C A R 

N A P , ed. P .  A. Schilpp (La Salle, 111.: Open Court Publishing Co., 1963), p. 
109. I am also grateful to Professor Cohen for a critique of parts of this paper 
in earlier form.

64. Albert Einstein, PAysics and Reality, JO U R N A L  O F T H E  F R A N K U N  IN
S T IT U T E , 221:313-347,1936.

65. Einstein, Notes on tAe Origin o/ tAe General TAeory c/ Relativity, pp. 
288, 289.

66. See note 30, pp. 230-231.

67. I am not touching in this essay on the effect of quantum mechanics on 
Einstein's epistemological development; the chief reason is that while from 
his "heuristic" announcement of the value of a quantum theory in 1905, Ein
stein remained consistently skeptical about the "reality" of the quantum
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theory of radiation, this opinion only added to the growing realism stem* 
ming from his work on general relativity theory. In the end, he reached the 
same position in quantum physics as in relativity; cf. his letter of 7 Septem
ber 1944 to Max Born: "In our scientific expectations we have become anti
podes. You believe in the dice-playing God, and I in the perfect rule of law 
in an objectively existing world which I try to capture in a wildly speculative 
way." (Reported by Max Bom, FnTtnerMngon an FinVoin, U itiV E R S iT A s , 

ZE 1T S C H R 1F T  FUR W lS S E N S C H A F T , K u N S T  U N D  L lT E R A T U R , 20:795-807, 1965.)

68. Max Born, PAyn'cr and RcfaFafty, P H Y S i c s  IN  My G E N E R A T IO N  (Lon
don: Pergamon Press, 1956), p. 205.

69. Albert Einstein, F&er den gegentodrFgan ^tand der FoldfAeorie, F E S T -  

s c H R iF T  P R O F . DR. A. STODOLA Z U M  70. G E B U R T S T A C , ed. E. Honegger (Zurich 
and Leipzig: Orell Fiissli Verlag, 1929), pp. 126-132. I am grateful to Profes
sor Cornelius Lanczos and Professor John Wheeler for pointing out this refer
ence to me.

70. Dingier, D lE  G R U N D G E D A N K E N  DER M A C H S C H E N  P H IL O S O P H 1 E , p. 98.

71. Max Planck, T H E  P H IL O S O P H Y  OF P H Y S i c s ,  trans. W. H. Johnson (New 
York: W.W. Norton & Co. 1936), pp. 122,125.

72. Albert Einstein, Religion and .Science, T H E  N E W  YORK T iM E S  M A G A 

Z IN E , 9 November 1930; cf. M E iN  W E L T B iL D , p. 39, and CosMic R E L IG IO N  

(New York: Covici-Friede, 1931), p. 48.
Possible reasons for Einstein's growing interest in these matters, partly re

lated to the worsening political situation at the time, are discussed in Frank, 
E iN S T E iN , His L iF E  AND T iM E S . (See note 28). It is noteworthy that while Ein
stein was quite unconcerned with religious matters during the period of his 
early scientihc publications, he gradually returned later to a position closer 
to that at a very early age, when he reported he had felt a "deep religiosity. 
. . .  It is quite clear to me that the religious paradise of youth . . . was a first 
attempt to free myself from the chains of the 'merely personal.'" AidoAto- 
grap/Mca/ .Vol&s, in Schilpp, op. cd., pp. 3, 5. For further remarks, see Chapter 3.

73. Frank, E iN S T E iN , His L iF E  AND T iM E S , p. 215. Einstein's change of mind 
was, of course, not acceptable to a considerable circle of previously sympathetic 
scientists and philosophers. See, for example, P. W. Bridgman, FiartciaT 
Theory and Opcrationa/PoiKt o/ Ticto in Schilpp, op. c:'t., pp. 335-354.

An interesting further confirmation of Einstein's changed epistemological 
position became available after this paper was first published. Werner Heisen
berg, in P H Y S i c s  AND B EY O N D  (New York, Harper & Row, 1971), pp. 62-66, 
writes about his conversation with Einstein concerning physics and philosophy.
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See, for example, p. 63—a portion of a conversation set in 1925-1926:
"But you don't seriously believe," Einstein protested, "that none but observ

able magnitudes must go into physical theory?"
"Isn't that precisely what you have done with relativity?" I asked in some 

surprise. "After all, you did stress the fact that it is impermissible to speak of 
absoiute time, simpiy because absoiute time cannot be observed; that only 
ciock readings, be it in the moving reference system or the system at rest, are 
relevant to the determination of time."

"Possibly I did use this kind of reasoning," Einstein admitted, "but it is 
nonsense ail the same. Perhaps I couid put it more dipiomaticaily by saying 
that it may be heuristicaliy usefui to keep in mind what one has actuaiiy 
observed. But in principle, it is quite wrong to try founding a theory on 
observabie magnitudes aione. In reaiity the very opposite happens. It is the 
theory which decides what we can observe."

See aiso Heisenberg's account of Einstein's critique of Mach, ibid., pp. 
63-66.

74. Originaiiy entitled Afotio der EorjcAenr (in Zu M A X  P L A N C K S  60. 
G E B U R T S T A G  [Karlsruhe: Miiiier, 1918]), reprinted in translation by James 
Murphy, as a preface to Max Pianck, WHERE Is SCIENCE GotNG? (London: 
Alien & Unwin, 1933), pp. 7-12. In an eariier appreciation of Pianck in 1913, 
Einstein had written only very briefly about his epistemology, merely iauding 
Planck's essay of 1896 against energetics, and not mentioning Mach. [Einstein's 
important 1918 essay is analyzed in Chapter 9.]

75. Pianck, Pon'tiuRm a n d  External Reality, IN T E R N A T IO N A L  FoRUM, ! ,  

No. 1:12-16; !, No. 2:14-19,1931.

76. Einstein sent his introduction to the editor of the journal on 17 April 
1931, but it appears to have come too late for inclusion.

77. Planck, PoM'tiM'.!7n and External Reality, pp. 15-17. Emphasis in original.
78. Albert Einstein, BemerAungen zu Bertrand RajrelR ErAenntnB-EAeorie, 

in P. A. Schilpp, ed., T H E  P H IL O S O P H Y  OF B ER T R A N D  R u s s E L L  (Evanston, 111.: 
Library of Living Philosophers, 1944), p. 289.

79. Toward the end, Einstein himself acknowledged a similar point in his 
RemarEt Concerning the E i t a y y  Brought 7*ogether in EAR Co-operatioe 
Volume, in Schilpp, A L B E R T  E iN S T E iN , pp. 679-680: " 'Einstein's position . . . 
contains features of rationalism and extreme empiricism. . . .' This remark is 
entirely correct. . . .  A  wavering between these extremes appears to me un
avoidable."
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8 EINSTEIN, MICHELSON, AND THE
"CRUCIAL" EXPERIMENT

7. ZntrodMCtion

H E  H I G H E S T  achievements in science are of quite different kinds: 
the bo!d theoreticai generalization, breathtaking by virtue of its 

sweeping synthetic power, and the ingenious experiment, sometimes 
called "crucial," in which the striking character of the result signals a 
turning point. Albert Einstein's special theory of relativity as first pub
lished in 1905 is a supreme example of the first kind, and A. A. Mich- 
elson's experiments in the 1880's to find the effect of ether drift on the 
speed of light are often cited as prototypical examples of the second 
kind. Even if these two achievements had nothing whatsoever to do 
with each other, each would continue to be remembered and studied 
on its own merit. But these two cases have in fact held additional in
terest for historians and philosophers of science; for, as we shall see, 
it has been the overwhelming preponderance of opinion over the last 
half century that Michelson's experiments and Einstein's theory have 
a close genetic connection, one which may be stated most simply in the 
words of the caption under Michelson's photograph in a recent publi
cation of the Optical Society of America: Michelson "made the meas
urements on which is based Einstein's Theory of Relativity."

A more detailed account of the experimental origins of relativity
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theory is attempted in R. A. Millikan's essay A/Aer? on Ah
d'ĝ gnftgfA BiriAday. It was the lead article in a special issue in Einstein's 
honor of the R E V I E W S  O F  M O D E R N  P H Y S I C S ,  and the early parts are 
worth quoting:

The special theory of relativity may be looked upon as starting essentially 
in a generalization from Michelson's experiment. And here is where Einstein's 
characteristic boldness of approach came in, for the distinguishing feature 
of modem scientific thought lies in the fact that it begins by discarding all 
a priori conceptions about the nature of reality—or about the ultimate nature 
of the universe—such as had characterized practically all Greek philosophy 
and all medieval thinking as well, and takes instead, as its starting point, 
well-authenticated, carefully tested experimental facts, no matter whether 
these facts seem at the moment to be reasonable or not. In a word, modem 
science is essentially empirical. . . .

But this experiment, after it had been performed with such extraordinary 
skill and refinement by Michelson and Morley, yielded with great definiteness 
the answer that there is . . .  no observable velocity of the earth with respect 
to the aether. That unreasonable, apparently inexplicable experimental fact 
was very bothersome to 19th century physics, and so for almost twenty years 
after this fact came to light physicists wandered in the wilderness in the dis
heartening effort to make it seem reasonable. Then Einstein called out to 
us all, "Let us merely accept this as an established experimental fact and 
from there proceed to work out its inevitable consequences," and he went at 
that task himself with an energy and a capacity which very few people on 
earth possess. Thus was bom the special theory of relativity.*

The birth of a new theory as the response to a puzzling empirical 
finding! This sort of thing has happened, but it may also be the stuff 
of which fairy tales are made. The historian of science senses at once 
several intriguing problems: How important were experiments to Ein
stein's formulation of his 1905 paper on relativity? What role did the 
Michelson experiments play? How good is the evidence on which one 
is to decide these questions? What light do documents shed on the case, 
particularly those that appear to provide contradictory evidence? If 
the Michelson experiments were not of crucial importance, why are 
there so many who say they were? And if they were, why are there a 
few who say they were not? What are the philosophical (or other) 
assumptions made by these two groups? What can this case tell us about 
the relation between experiment and theory in modem physics? And, 
above all, what can this case tell us about the rival claims of sensa-
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tionism and idealism to represent more faithfully the act of modern 
scientific innovation?

Thus what appears at first to be a limited case opens into the wider 
fieid of current scholarship—not the kind of history that uses a wide- 
angle iens to compose a picture of the rise and fail of major theories, 
but a case study that focuses a magnifying gfass in order to under
stand a part of modem scientific work. We shah see that there is so 
much to be observed, so many documents and personae, that even in 
a full-length essay all the questions cannot be disposed of. Instead, I 
shall concentrate on those that are particularly illuminated by docu
ments, including some newly found and unpublished ones, and I shall 
also take the opportunity to gather together and compare previous con
tributions to this topic that are now widely dispersed.

Partly because of the volume of the resources, many will appear con
tradictory or ambiguous. Einstein himself made different statements 
about the influence of the Michelson experiments, ranging from "there 
is no doubt that Michelson's experiment was of considerable influence 
on my work . . ." to "the Michelson-Morley experiment had a negli
gible effect on the discovery of relativity." The initial apparent irrecon
cilability of the statements need not cause dismay. On the contrary: it 
is no more comforting to find only unambiguous evidence for one posi
tion on a complex issue, for that may indicate that only part of the evi
dence is in.

Our job will be to weigh incommensurables. And in this act we must 
try to discern the conceptual framework, motivation, or social mission 
hiding behind a statement that is asserting to be evidence. Historical 
statements, like those in physics, have meaning only relative to a speci
fiable framework. The discovery of the contextual setting will some
times be as interesting as the use to which a "relativistic" piece of evi
dence can be put, and thus the light thrown on a specialized problem 
may help to illuminate a chapter in the history of ideas.

A different purpose of such a study might be simply the correction 
of popular error. Though it is tempting, this is not my chief aim; nor 
is it likely to be successful. For the belief that Einstein based his work 
leading to his 1905 publication of relativity theory on Michelson's re
sult has long been a part of the folklore. It is generally regarded as an 
important event in the history of science, as widely known and believed 
as the story of the falling apple in Newton's garden and of the two
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weights dropped from the leaning tower in Galileo's Pisa—two other 
cases in which experiential fact is supposed to have provided the genesis 
of synthetic theory. If Millikan's report and the many others like it 
are right, then this might be the time when one can still hope to find 
reliable evidence for them. But if they are not supportable, it is prob
ably in any case too late to stop the spread of a fable which has such 
inherent appeal.

77. TA<? Aym&iojM o / Puzzler

At least a brief summary of the essential points of the familiar Michel- 
son experiment may be useful here, even though this will not convey 
one of the major reasons why it has proved irresistible for so many 
physics books to give a place of importance to this particular experiment 
—the fact that it was one of the most fascinating in the history of phys
ics. Its fascination, which has been felt equally by textbook writers and 
research physicists, derives from its beauty and mystery. Despite the 
central position of the question of ether drift in late-nineteenth-century 
physics, nobody before Michelson was able to imagine and construct 
an apparatus to measure the second-order effect of the presumed ether 
drift. The interferometer was a lovely thing. Invented by the twenty- 
eight-year-old Michelson in response to a challenge by Maxwell, it was 
capable of revealing an effect of the order of one part in ten billion. 
It is to this day one of the most precise instruments in science, and the 
experiment is one that carried precision to the extreme limits. Einstein 
himself later paid warm and sincere tribute to Michelson's experimental 
genius and artistic sense."

As Michelson recounts in his description of his experiment (in 
S T U D IE S  IN  OpTics, 1927), among the events that led up to it was first 
of all George B. Airy's experiment on the angle of aberration of a tele
scope viewing a star from our moving earth. On the model of light as 
wave propagation through an ether, the aberration angle was expected 
to be larger when the observing telescope was filled with water; but 
on experiment the angle was found to be the same. Augustin Fresnel 
earlier proposed that the ether is partly carried or dragged along 
in the motion of a medium (such as water) having a refractive index 
larger than 1. This hypothesis, in quantitative detail, interpreted Airy's 
result in a satisfying way and was triumphantly tested in a separate ex
periment by Armand Fizeau on the effect of moving water on the pro-
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pagation of a light beam as measured in the laboratory frame of ref
erence. At the same time the experiment implied that a medium of 
refractive index 1 (such as air) would, when in motion, not carry along 
any part of the ether.

The hypothesis that the earth moves through an ether which re
mains unaffected and stagnant ail around the earth (iater most prom
inently developed by H. A. Lorentz) invited direct experimental veri
fication. But that required the previously unimaginabie feat of look
ing for the exceedingly smalt presumed effect of the second order, for 
the relative earth-ether motion ("ether drift") would show up in a 
change of the effective light speed by a factor containing the square of 
the ratio of the speeds of the earth and of light (p"/c"—1(M).

Michelson's ingenious solution was to let two light beams from the 
same source simultaneously run a round-trip race along two paths which 
had effectively the same length in the laboratory but were laid out at 90 
degrees, thereby causing the two light beams to be differently affected by 
their relative motion with respect to the ether. But on bringing the two 
beams together to compare by their interference pattern these relative 
effects, Michelson's apparatus (an "interferometer") surprisingly gave 
what is usually called a negative or null result. More accurately, it gave 
within experimental error the result that would have been expected on 
the basis of a quite different hypothesis—namely, that the ether is not 
stagnant but somehow does get dragged along with the earth and so has 
no measurable motion or drift with respect to the earth.

The beauty of the design and execution of the experiment was in 
startling contrast to the mysterious difficulties which attended its in
terpretation. On one level lay the problem of a detailed understand
ing of the way the apparatus worked in the context of ether theory, re
gardless of the meaning of the results. Michelson himself, on presenting 
in 1882 an account of his first experiment to the Academie des Sciences, 
acknowledged that he had made an error in his earlier report of 1881 
and had neglected the effect of the earth's motion on the path of light 
in the interferometer arm at right angles to the motion. Alfred Potier, 
who had pointed out the error to Michelson in 1882, was in error also." 
On another point—how the moving reflectors in the interferometer 
affect the angle of reflection—there was a continuing debate for over 
thirty years. To appreciate the lasting confusion one need only study 
the record of the summit conference of ether-drift experimenters, held
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4-5 February 1927, at the Mt. Wilson Observatory, under the title 
"Conference on the Michelson-Morley Experiment," with both Michel- 
son and Lorentz in attendance.* Although one Ends today many sim
plified accounts of the experiment, in fact a detailed, correct theory of 
the supposed working of the Michelson interferometer to detect an 
ether drift is quite complex and is rarely given in full.

But beyond that, on another level the outcome itself was enormously 
puzzling to everyone at the time, and to many for a long time afterward. 
The glorious device had yielded a disappointing, even incomprehensible, 
result in the context of the then-current theory. Michelson himself called 
his experiment a "failure,"" the repeatedly obtained null or nearly null 
results being contrary to all expectations. Unlike the stereotype of the 
true scientist who accepts the experimental test that falsifies a theory, he 
refused to grant the importance of his result, saying, "Since the result of 
the original experiment was negative, the problem is still demanding a 
solution."" He even tried to console himself with the remarkable ob
servation that "the experiment is to me historically interesting because 
it was for the solution of this problem that the interferometer was de
vised. I think it will be admitted that the problem, by leading to the in
vention of the interferometer, more than compensated for the fact that 
this particular experiment gave a negative result."?

Others were just as mystified and displeased. Lorentz wrote to Ray
leigh on 18 August 1892: "1 am totally at a loss to clear away this 
contradiction, and yet I believe that if we were to abandon Fresnel's 
theory [of the ether], we should have no adequate theory at all. . . .  Gan 
there be some point in the theory of Mr. Michelson's experiment which 
has as yet been overlooked?"" Lord Kelvin, who had discerned the result 
of the experiment as part of a cloud obscuring "the beauty and clear
ness of the dynamical theory, which asserts heat and light to be modes 
of motion," could not, even into the 1900's, reconcile himself to the 
negative findings." Rayleigh, who, like Kelvin, had encouraged Michel
son to repeat his first experiment, found the null result obtained by 
Michelson and Morley to be "a real disappointment."*" As Loyd S. 
Swenson has pointed out,** Michelson and Morley were so discouraged 
by the null result of their experiment in 1887 that they disregarded 
their stated promise that their measurements, which they had taken 
during only six hours (spread over five days), "will therefore be re
peated at intervals of 3 months, and thus all uncertainty will be
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avoided." Instead, Michelson stopped their work on this experiment 
and turned to the new use of the interferometer for measuring lengths 
(which, it turned out, led to his Nobei prize).

In short, to everyone's surprise, including Michelson's, the experi
ment had turned out to be one of "test" instead of merely "applica
tion," to use the terminology of Duhem. Indeed, it was threatening to 
become for ether theoreticians even, maigrg hu, a crucial experiment 
in the only valid sense of the term, namely as the pivotal occasion caus
ing a significant part of the scientific community to re-examine its pre
viously held basic convictions.

We may gather that for Michelson the experiment was a source of 
discomfort and perhaps real unhappiness throughout his life, not only 
because of the null result, but also because of its various explanations. 
Initially he had felt his findings could only mean that the hypothesis 
of a stationary ether was incorrect; but the alternatives were no better. 
The idea that the ether is substantially carried along by the earth was in 
direct conflict with the well-established results of aberration experiments 
and Fizeau's measurement of the Fresnel dragging coefficient. And the 
modification of G. G. Stokes's theory of the ether, which Michelson came 
to favor, was shown to be untenable by better theoreticians, such as 
Lorentz, and by the negative result of Oliver Lodge's experiment on the 
supposed ether drag in the vicinity of rapidly moving discs. Lodge him
self confessed impatience with the bothersome Michelson experiments 
which provided evidence against the existence of a nonviscous ether 
stagnant in space. Thus Lodge wrote, with only the slight exaggeration 
that others were to use later: "The one thing in the way of the simple 
doctrine of an ether undisturbed by motion is Michelson's experiment, 
viz., the absence of a second-order effect due to terrestrial movement 
through free ether. This experiment may have to be explained 
away."*"

At Chicago in the spring of 1897 Michelson tested the possibility of 
a differential ether drag at different altitudes, and therefore the ap
plicability of Stokes's hypothesis, which he continued to favor. But the 
large vertical interferometer also gave negative results. Michelson now 
was clearly rather exasperated: "One is inclined to return to the hy
pothesis of Fresnel and try to reconcile in some other way the negative 
results" of the earlier ether-drift experiments.^

Much later, when Michelson came to write the STUDIES IN  OpTics,
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published in 1927 at the age of seventy-five, he had to end the chap
ter on o/ Afohon c/ fAc Medium on Telocity o/ EigAt—the sub
ject on which he had spent much of his life—with a question he still 
could not answer: "It must be admitted, however, that these experi
ments are not sufficiently conclusive to justify the hypothesis of an ether 
which is entrained with the earth in its motion. But then how can the 
negative results be explained?"**

By that time two other options had appeared. In his next chapter, 
Michelson turned first to the proposal by Lorentz and G. F. FitzGerald 
to explain the "null effect of the Michelson-Morley experiment by as
suming a contraction in the material of the support for the interferom
eter just sufficient to compensate for the theoretical difference in path." 
But he immediately added, "such a hypothesis seems rather artificial."*" 
We note in passing a point that will loom large later—that even to this 
experimental physicist most sorely in need of an explanation, the 
Lorentz-FitzGerald hypothesis seemed "artificial," or, to use the termi
nology of others who expressed the same objection, too patently ad hoc.*"

As to the other explanation—that implied in Einstein's relativity 
theory—Michelson, who had long held out against it, now in 1927 pro
posed a "generous acceptance" of the theory, notwithstanding many 
"paradoxical" consequences. But it was not a wholehearted acceptance, 
because "the existence of an ether appears to be inconsistent with the 
theory," and that seemed to him to be an overwhelming defect: "It 
is to be hoped that the theory may be reconciled with the existence of 
a medium, either by modifying the theory, or, more probably by at
tributing the requisite properties to the ether."** At another occasion, 
also in 1927, Michelson in his last paper published before his death 
referred to the ether in the following nostalgic words: "Talking in terms 
of the beloved old ether (which is now abandoned, though I personally 
still cling a little to it). . .  ."*"

If the result of the Michelson experiment was a mystery for a long 
time (Swenson has shown that it remained inconclusive into the 
1920's*"), the relativity theory was to most physicists even more myster
ious at its announcement in 1905 and for some time afterward. The lag 
of acceptance of the theory is a major research topic of its own. It took 
several years before one could say that even among German scientists 
there was a preponderance of opinion in favor of it, the turning point 
coming perhaps with the publication in 1909 of Hermann Minkowski's
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address, and Time."" In fact, the very first response within the
scientific community to Einstein's relativity paper, in the same journal 
in which he had published it, "was a categorical experimental disproof 
of the theory.""* For years after Einstein's first publication no new 
experimental results came forth which could be used to "verify" his 
theory in the way most physicists were and still are used to look for verifi
cation. As Max Planck noted in 1907, Michelson's was then still regarded 
as the only experimental support."" The perceptive physicist Wilhelm 
Wien had published his earlier disagreement with relativity and was not 
convinced of the theory until 1909, and then it was not any clear-cut 
evidence from experiment, but on aesthetic grounds, in words which 
Einstein must have appreciated: "What speaks for it most of all, how
ever, is the inner consistency which makes it possible to lay a foundation 
having no self-contradictions, one that applies to the totality of physical 
appearances, although thereby the customary conceptions experience a 
transformation."""

In retrospect it seems therefore inevitable that during the decade 
following Einstein's 1905 paper there occurred—especially in the di
dactic literature—a symbiotic joining of the puzzling Michelson ex
periment and the all-but-incredible relativity theory. The undoubted 
result of Michelson's experiments could be thought to provide an ex
perimental basis for the understanding of relativity theory, which other
wise seemed contrary to common sense itself; the relativity theory in 
turn could provide an explanation of Michelson's experimental result 
in a manner not as "artificial" or "ad hoc" as reliance on the supposed 
Lorentz-FitzGerald contraction was widely felt to be. It has proved to 
be a long-lasting marriage.

777. TViffory in Di<7acfic AccoMnls

A look at the secondary material—the frame of reference in which 
everyone receives his first orientation—will show the degree to which 
the work of Einstein and Michelson is commonly linked, and the ad
ditional pedagogical reasons for this tendency.

Long before we read professional literature of the kind in which Mil
likan's statement was published, most of us will have been told in our 
first physics courses what relation supposedly existed between Michel
son's experiments and Einstein's work. To be sure, it is not the job of
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the usual physics textbooks to teach history of science or even to imply 
it, but with the best intention in the world they do so. As a result, there 
exists a widely shared, popular, "implicit" history of science. Indeed, 
since few students take history of science courses, implicit history is 
the version most widespread; because of its pervasiveness it is also the 
version that may well shape the judgment of future historians.

On the question under study here (as on so much else) the text
books are virtually unanimous. Selected practically at random from 
recent books on my own shelf, the following is a typical quotation, to 
be found in the excellent text by Robert B. Leighton, P R I N C I P L E S  O F  

M O D E R N  P H Y S I C S .  The book starts with the theory of relativity in Chap
ter I, explains the Michelson-Morley experiment in Section 1, and finds, 
"Einstein finally proposed a radically different approach to the prob
lem posed by the Michelson-Morley experiment. 77c explained null 
rend? simply by returning to the principle of relativity. . . Many 
statements with the same implication can readily be found in other text
books, including some of my favorite ones."°

Although none of the authors actually commits himself unambigu
ously to a statement of cause and effect, the passages give generally the 
impression that there was a direct genetic link. Why is this so? The 
simplest hypothesis would be that it was true. But even before we check 
this possibility, we must note two suspicious circumstances. In the first 
place, the Michelson experiments do not wccc.Manly entail Einstein's 
relativity theory. As H. P. Robertson put it in his searching review 
article Postdate ncrmi OfwrvatMn :n tAc special TAeory o/ Pcfafmtty:

The kinematical background for this theory, an operational interpretation 
of the Lorentz transformation, was obtained deductively by Einstein from a 
general postulate concerning the relativity of motion and a more specific post
ulate concerning the velocity of light. At the time this work was done an 
inductive approach could not have led unambiguously to the theory proposed, 
for the principal relevant observations then available, notably the "ether- 
drift" experiment of Michelson and Morley (1886), could be accounted for 
in other, although less appealing ways.

The second point is that in the textbook passages no evidence is ever 
given to back up the implication of a genetic link; and in the absence 
of clear evidence either way, the likelihood is a priori great that a peda
gogic presentation on any scientific subject will suggest a link from ex-
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periment to theory. Almost every science textbook of necessity places 
a high value on clear, unambiguous inductive reasoning. The norm of 
behavior in the classroom would seem to be threatened if the text were 
to allow that correct generalizations have sometimes been made with
out a base in unambiguous experimental evidence.

Moreover, in the textbook or survey course, where a large amount 
of ground has to be covered, it is likely (for reasons of space or time if 
for no other) that one suitable experiment will be selected which can 
be convincingly presented, rather than a number of different experi
ments which may be equally good or better candidates. Of course, the 
dramatic qualities of the Michelson experiment enhance its position as 
candidate even more.

In the case of relativity theory, the author of a didactic account has 
an added incentive to foreshorten the period of doubt and uncertainty 
in the scientific community that followed Einstein's 1905 publication. 
A student can be expected to accept more easily a theory as non-com- 
monsensical as Einstein's if he can be shown that Einstein, or at least 
Einstein's readers, became convinced on the basis of some clear-cut ex
periment.

For such reasons, little is said in textbooks about the dramatic battles 
that are sometimes required for the gradual acceptance of a new theory. 
That lack incidentally fits in well with another moralizing function of 
textbooks—to underplay the scientist's personal involvement and strug
gle in the pursuit of his scientific work and so to introduce the student to 
what the textbook author usually, perhaps unconsciously, conceives to 
be the accepted public norms of professional behavior. Texts do not 
want to deal with the "private" aspect of science, which can be so differ
ent from scientist to scientist and is so far from fully understood in any 
case. It is simpler to deal with the "public" side of science, on which 
there is (though perhaps falsely) some consensus. Therefore, the ele
ments that will hold our attention in this essay, the elements that carry 
the possibility for a classic case study of the difference between private 
and public science—or for that matter of the relative roles of theory and 
experiment in modern scientific innovation and of the quasi-aesthetic 
criteria for decision between rival conceptual systems embracing the 
same "facts"-—give way in textbooks to other, simpler purposes.

The pedagogic usefulness of designating the Michelson experiments 
as the specific starting point for relativity has on a few occasions been
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honestly stated. Thus Henri Bergson, in D U R A T IO N  A N D  S IM U L T A N E IT Y , 

begins Chapter I, Hal/ RafattMfy, in the following way:

The theory of relativity, even the "special" one, is not exactly founded on the 
Michelson-Morley experiment, since it expresses in a general way the neces
sity of preserving a constant form for the laws of electromagnetism when we 
pass from one system of reference to another. But tAe AficAchoa-Aforfey cx- 
penment Acs tAg great advantage of jtafing fAe proMewt in concrete termr 
and aho spreading oat tAe elementy of :tr rofatioa Aefore oar oery eyer. It 
materializes the difficulty, so to speak. From it the philosopher must set forth; 
to it he will continually have to return, if he wishes to grasp the true mean
ing of time in the theory of relativity.̂ ?

It should also be mentioned on behalf of the textbook author that 
he rarely contradicts what the most prominent scientists themselves are 
expressing in their own popular and didactic writings. In this case the 
agreement among physicists has been as striking as among text writers, 
and its direction is that exhibited by Millikan's opinion. An earlier ex
ample—of a physicist who was also the author of the first serious text
book on relativity (1911)—is Max von Laue, who included this esti
mate:

The negative result of the Michelson experiment, however, forced it [the 
Lorentz theory of the stagnant ether] to make a new hypothesis which led 
over to the relativity theory [zur RgiahTitaMAcong AfnaAgrlcitcnde?: Afypo- 
tAgre]. In this way, the experiment became, as it were, the fundamental ex
periment for the relativity theory, just as starting from it [the experiment] 
one reaches almost directly the derivation of the Lorentz transformation which 
contains the relativity principle.^

It is very significant that Einstein himself, in his frankly didactic pub
lications, has left some of his readers with a similar impression about the 
relation of his theory to Michelson's work. For example, in his early
gamgmvar^dtldftcAa book U B E R  D IE  S P E Z IE L L E  U N D  D IE  A L L G E M E IN E  

R E L A T iv iT A T S T H E O R iE ,  a sequence is set forth which was to become 
so familiar in text presentations:

. . .  for a long time the efforts of physicists were devoted to attempts to detect 
the existence of an ether-drift at the earth's surface. In one of the most 
notable of these attempts Michelson devised a method which appears as though 
it must be decisive. . . . But the experiment gave a negative result—a fact 
very perplexing to physicists. Lorentz and FitzGerald rescued the theory from
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this difficulty by assuming that the motion of the body relative to the ether 
produces a contraction of the body in the direction of motion. . . . But on 
the basis of the theory of relativity the method of interpretation is incom
parably more satisfactory.^

Without having actually said anything about his own historical route, 
Einstein's singling out of the Michelson experiment in this and other 
didactic writings during the first decade of relativity theory cannot have 
failed to influence and reinforce didactic writings by others—even after 
the subsequent publication of Einstein's very different and frankly his
torical accounts, to be discussed later.

One of the most interesting of Einstein's early articles, sometimes 
cited as an historical document on the influence of Michelson's experi
ment, is his contribution, TAgcry, to a collection of thirty-
six essays by foremost physicists, intended to convey the "state of phys
ics in our time."3° Einstein begins: "It is hardly possible to form an in
dependent judgment of the justification of the theory of relativity, if 
one does not have some acquaintance with the experiences and thought 
processes which preceded it. Hence, these must be discussed first." There 
follows a discussion of the Fizeau experiment, leading to Lorentz's theory 
based on the hypothesis of the stagnant ether. Despite its successes, "the 
theory had ong aspect which could not help but make physicists sus
picious"^ : it seemed to contradict the relativity principle, valid in me
chanics and "as far as our experience reaches, generally" beyond me
chanics also. According to it, all inertial systems are equally justified. 
Not so in Lorentz's theory: a system at rest with respect to the ether 
has special properties; for example, with respect to this system alone, 
the light velocity is constant. "The successes of Lorentz's theory were so 
significant that the physicists would have abandoned the principle of 
relativity without qualms, had it not been for the availability of an im
portant experimental result of which we now must speak, namely Michel
son's experiment."33 There follows a description of the experiment and 
of the contraction hypothesis invoked by Lorentz and FitzGerald. Ein
stein adds to it sharply, "This manner of theoretically trying to do jus
tice to experiments with negative results through ad hoc contrived hy
potheses is highly unsatisfactory."^ It is preferable to hold on to the 
relativity principle, and to accept the impossibility-in-principle of dis
covering relative motion. But how is one to make the principle of con
stancy of light velocity and the principle of relativity after all corn-
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patible? "Whoever has deeply toiled with attempts to repiace Lorentz's 
theory by another one that takes account of the experimental facts will 
agree that this way of beginning appears to be quite hopeless at the pres
ent state of our knowledge."'*''

Rather, Einstein continues, one can attain compatibility of the two 
apparently contradictory principles through a reformulation of the con
ception of space and time and by abandoning the ether. The rest of 
Einstein's short essay is concerned with the introduction of the relativity 
of simultaneity and of time, the transformation equations, and the length 
measurement of a rod moving with respect to the observer. "One sees 
that the above-mentioned hypothesis of H. A. Lorentz and FitzGerald 
for the explanation of the Michelson experiment is obtained as a con
sequence of the relativity theory."^ But this result does not seem to be 
worthy of listing as one of the achievements of the relativity theory a 
little later: "We will now briefly enumerate the individual results 
achieved so far for which we have the relativity theory to thank." The 
list, as of 1915, was not long: "a simple theory of the Doppler effect, of 
aberration, of the Fizeau experiment"; applicability of Maxwell's equa
tions to the electrodynamics of moving bodies, and in particular to the 
motion of electrons (cathode rays, B-rays) "without invoking special 
hypotheses"; and "the most important result," the relation between mass 
and energy, although for that there was then no direct experimental 
confirmation.

The sequence of ideas in this essay is illuminating. But it is plainly 
dangerous to quote only the introductory two sentences and the refer
ence to the Michelson experiment, and to call these an "historic ac
count," as some have done in order to imply that Einstein followed this 
road himself. The whole essay is introduced as dealing with the "justi
fication" of the theory of relativity, not with the genesis. Einstein is 
saying that "the physicists" would have abandoned the principle of 
relativity had it not been for the Michelson experiment. Antony Ruhan 
at the University of Chicago, in an unpublished draft essay, percep
tively comments on this passage: "The obvious meaning of this text is 
that Einstein regarded the experiment of Michelson and Morley as 
necessary to convince the majority of physicists of the validity of the 
theory of relativity. This is quite a different point from regarding it as 
a basis for one's personal discovery of the key to relativity."^

To summarize the discussion so far, we have noted strong pressures
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in the same direction arising from two main sources: (1) the particu
lar history surrounding the difficulties in acceptance of the Micheison re
sults and the Einstein publication, and (2) the particular missions of 
pedagogic accounts backed up by the popular writings of distinguished 
physicists. These pressures have tended to the same end—to proclaim 
the existence of a genetic link between Michelson's and Einstein's work.

To be sure, we have so far not proven whether or not there was such 
an historical connection. To do that, we shall from Section V on seek 
the answer in more appropriate documents than didactic writings. But 
before we turn to such documents and to explicitly historical writings, 
we must at least briefly note another set of pressures that bore on the 
question before us: this was the weight of a philosophical view con
cerning science as a whole, supported by a vocal group of philosophers 
in the United States and Europe and widely current, particularly after 
the victories of the empiricist schools around the turn of the century.

7U. ExpgrzmpnfzcMl PAzZcuc^Ay c/ <Scz<??zc%

There exists a view of science a t the extreme edge of the time-honored 

tradition of empiricism th a t will here be called MpgnmgzzZzcA??!. I t  

is best recognized by the unquestioned priority assigned to experiments 

and experimental data in the analysis of how scientists do their own 

work and how their work is incorporated into the public enterprise of 

science. A few examples will suffice to indicate the pervasiveness of this 

attitude. W ith specific reference to relativity theory, it is well illustrated 

by the views of Ernst M ach's disciple Joseph Petzoldt, the moving spirit 

behind the Gesellschaft fu r positivistische Philosophie of Berlin and its 

journal, ZEiTSCHRiFT FUR FosmvisTisCHE PHILOSOPHIE. In  the lead 

article of the inaugural issue (1913), he printed the text of his speech 

delivered a t the opening session of the Gesellschaft on 11 November 

1912: w ith relativity theory had  come "the victory over the metaphysics 

of absolutes in the conceptions of space and time," and a  "fusion of 

m athem atics and  natural science which a t last and  Anally shall lead 

beyond the old rationalistic, P latonic-K antian p rejud ice."^  But the 

fixed hinge on which these desired events turned was, again, the M ichei

son experim ent:

Clarity of thinking is inseparable from knowledge of a sufficient number 
of individual cases for each of the concepts used in investigation. Therefore,
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the chief requirement of positivistic philosophy: greatest respect for the facts. 
The newest phase of theoretical physics gives an exemplary case. There, one 
does not hesitate, /or the rake o/ a  n'ngio experiment, to undertake a  com
plete reconstruction. The Michelson experiment is the cause and chief sup
port of this reconstruction, namely the electrodynamic theory of relativity. 
To do justice to this experiment, one has no scruples to submit the founda
tion of theoretical physics as it has hitherto existed, namely Newtonian me
chanics, to a profound transformation.""

The full ambitions of the group and their perception of the real 
enemy were further shown in the next volume, where Petzoldt wrote, 
"Loren tz's theory is, at its conceptional center, pure metaphysics, nothing 
else than Schelling's or Hegel's NaturpAf/ojopAze." Again, the Michel
son experiment, as the one and only experiment cited, is given the credit 
for ushering in a new era: ". . . the Einsteinian theory is entirely tied to 
the result of the Michelson experiment, and can be derived from it." 
Einstein himself "from the beginning conceived the Michelson experi
ment relativistically. We are dealing here with a principle, a foremost 
postulate, a particular way of understanding the facts of physics, a view 
of nature, and finally a IPe/ta?McAaMMMg. . . . The line Berkeley-Hume- 
Mach shows us our direction and puts into our hands the epistemo
logical standard."*"

A few years before, Michelson had been awarded the 1907 Nobel 
Prize in physics, not for the experiments we have been discussing but 
"for his optical precision instruments and the search which he has car
ried out with their help in the fields of precision metrology and spec
troscopy." The relativity theory was, of course, still far too new, and re
garded as too speculative, to be mentioned in the citations or responses. 
(Indeed, by the time Petzoldt was writing his eulogies to it, the theory 
had become too speculative for Mach himself, whereas the Nobel Prize 
Committee did not award Einstein's prize until 1922, and then, as Ein
stein was specifically reminded by the Committee, it was for contri
butions to mathematical physics and especially for his discovery of the 
[experimentally well-confirmed] Law of the Photoelectric Effect.)** In 
any case, theory was not now of interest at the 1907 award ceremony; 
the text of the presentation speech (by K. B. Hasselberg) showed the 
award to Michelson to be clearly motivated by the experimenticist phil
osophy of science:

As for physics, it has developed remarkably as a precision science, in such
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a way that we can justifiably claim that the majority of all the greatest dis
coveries in physics are very largely based on the high degree of accuracy 
which can now be obtained in measurements made during the study of physical 
phenomena. [Accuracy of measurement] is the very root, the essential condi
tion, of our penetration deeper into the laws of physics—our only toay to neto 
<f:rcooenM. It is an advance of this kind which the Academy wishes to recog
nize with the Nobel Prize for Physics this year. (Italics supplied.)

Somehow, everyone managed to keep a decorous silence on the ex
periments which Petzoldt and others of his persuasion were to hail as 
the crucial turning point for physics and nobody re
ferred here to Michelson's ether-drift experiments—neither the Swedish 
hosts nor Michelson himself in his responding lecture ("Recent Ad
vances in Spectroscopy"). These experiments were as embarrassing for 
experimenticists with ether-theoretic presuppositions as they were wel
come for experimenticists with relativistic presuppositions.

The even more extreme view that all scientific advance arises out of 
the use of instruments was defended by Millikan in his autobiography, 
where he explained that he moved from the University of Chicago to 
the California Institute of Technology because there "science and en
gineering were merged in sane proportions." He set forth his ideological 
basis as follows:

Historically, the thesis can be maintained that more fundamental advances 
have been made as a by-product of instrumental (i.e. engineering) improve
ment than in the direct and conscious search for new laws. Witness: (1) rela
tivity and the Michelson-Morley experiment, the Michelson interferometer 
came first, not the reverse; (2) the spectroscope, a new instrument which 
created spectroscopy; (3) the three-electrode vacuum tube, the invention of 
which created a dozen new sciences; (4) the cyclotron, a gadget which with 
Lauritsen's linear accelerator spawned nuclear physics; (5) the Wilson cloud 
chamber, the parent of most of our knowledge of cosmic rays; (6) the Row
land work with gratings, which suggested the Bohr atom; (7) the magnetron, 
the progenitor of radar; (8) the counter-tube, the most fertile of all gadgets; 
(9) the spectroheliograph, the creator of astrophysics; (10) the relations of 
Carnot's reversible engine to the whole of thermodynamics.^

In the work of philosophers of science the discussion of relativity 
theory is frequently found linked tightly to the Michelson experiment, 
though rarely more enthusiastically than in Gaston Bachelard's essay 
TA  ̂ PAiforo^Aica/ Dz'afech'c o/ ?Ag CoMcgptr o/ PcAztiMty, in P. A.
Schilpp's volume A L B E R T  E l N S T E I N :  P H I L O S O P H E R - S C I E N T I S T :
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As we know, as has been repeated a thousand times, relativity was bom of 
an epistemological shock; it was bom of the "failure" of the Micheison ex
periment. . . .  To paraphrase Kant, we might say that the Micheison experi
ment roused classical mechanics from its dogmatic slumber. . . .  Is so little 
required to "shake" the universe of spatiality? Can a single experiment of the 
twentieth [he] century annihilate—a Sartrian would say neantber—two or 
three centuries of rational thought? Yes, a single decimal sufficed, as our poet 
Henri de Regnier would say, to "make all nature sing."*"

And so on and so forth. Einstein chose not to respond to this apotheosis 
of the Micheison experiment in his repiies at the end of the same vol
ume. But he did make a lengthy and subtly devastating reply to another 
essay in this collection, that by Hans Reichenbach, which has a good 
deal of the same kind of experimenticist bias.

Reichenbach, who knew Einstein and corresponded with him at cer
tain periods, was, over the years, one of the more persistent and inter
esting philosophical analysts of the epistemological implications of rela
tivity. (He published, for example, several attempts to cast the theory 
into axiomatic form. To one of these attempts Einstein himself re
sponded to say he did not find it convincing even on its own grounds; 
he wrote to Reichenbach on 19 October 1928, "In my view, the logical 
presentation which you give my theory is, to be sure, possible, but it is 
not the simplest one.") But Reichenbach's experimenticist conviction 
never flagged. For example, he wrote that Einstein's work "was sug
gested by closest adherence to experimental facts. . . . Einstein built his 
theory on an extraordinary confidence in the exactitude of the art of 
experimentation."** Again, the only historic experiment Reichenbach 
associated with the genesis of Einstein's theory was, of course, the Mich
eison experiment; for example, "the theory of relativity makes an asser
tion about the behavior of rigid rods similar to that about the behavior 
of clocks. . . . This assertion of the theory of relativity is based mainly 
on the Micheison experiment... ."*"

In his essay in Schilpp's collection, Reichenbach reverts to the same 
points,*" but they are, as it were, only preludes to the conclusion that "it 
is the philosophy of empiricism, therefore, into which Einstein's rela
tivity belongs. . . .  In spite of the enormous mathematical apparatus, 
Einstein's theory of space and time is the triumph of such a radical em
piricism in a held which had always been regarded as a reservation for 
the discoveries of pure reason."*? In his reply to this essay Einstein de-
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voted most of his attention to a dcniai of this claim. He preferred to 
hold fast to the basic conceptual distinction between "sense impressions" 
and "mere ideas"—despite the expected reproach "that, in doing so, we 
are guilty of the metaphysical 'original sin.' Einstein pleads that one 
must also accept features not only of empiricism but also of rationalism, 
indeed that a "wavering between these extremes appears to me unavoid
able."^ Einstein adopts the role of the "non-positivist" in an imaginary 
dialogue with Reichenbach and urges the useful lesson of Kant that 
there are concepts "which play a dominating role in our thinking, and 
which, nevertheless, cannot be deduced by means of a logical process 
from the empirically given (a fact which several empiricists recognize, 
it is true, but seem always again to forget)

The difficulty is, of course, one of relative scientific taste or style. To 
Reichenbach and his followers, the interest in a scientific theory resides 
neither in the details of its historical development, nor in the work of an 
actual person. (As Reichenbach said honestly, "The philosopher of sci
ence is not much interested in the thought processes which lead to 
scientific discoveries; he looks for a logical analysis of the completed 
theory, including the relationships establishing its validity. That is, he is 
not interested in the context of discovery, but in the context of justifica
tion."") But it is equally understandable that to the originator of the 
theory the "completed theory" in its public, developed, institutional or 
textbook form does not have the same exclusive interest.

Unfortunately, neither Reichenbach himself nor his followers always 
remembered his laudable attempt to distinguish sharply between private 
and public science, nor have they always adhered to his own disclaimer 
of interest in the thought processes leading to the discovery. The desire 
to see a theory as a logical structure, built upon an empirical basis and 
capable of verification or falsification by more experiment, brings them 
to discuss presumed historical sequences on the road that led to the dis
covery; thus, implicit "history" is produced after all (for example, the 
confident assertion that "Einstein incorporated its [the Michelson ex
periment's] null result as a physical axiom in his light principle,"" and 
similar attempts at "the unraveling of the history" of relativity theory). 
When direct evidence, which we shall examine below, against the prior
ity of the Michelson experiment in Einstein's thinking is presented to 
the experimenticist, the response is this: without the genetic role of this

EINSTEIN, MICHELSON, AND THE "CRUCIAL" EXPERIMENT

297



particular experiment, an understanding of the discovery of the theory 
would become "quite problematic," and one would be left "puzzled 
concerning the logical, as distinct from psychological grounds which 
would then originally have motivated Einstein to have confidence in the 
principle of relativity without the partial support of the Michelson- 
Morley experiment----

As a curious postscript to this section, one might mention that the ex- 
perimenticist interpretation of relativity has also been advocated under 
quite different circumstances, but none more macabre than the attempt 
in the 1920's by some German scientists such as W. Wien to point to the 
supposed experimental origins of relativity in order to remove the theory 
from the arena of unthinking, inflamed opposition in some quarters in 
Germany against Einstein personally and against his work."* In a small 
book published in 1921, Wien wrote that he wished

. . . to give an objective presentation of the theory of the pro and the contra 
concerning which much is being discussed in a rather unscientific way in 
public. I hope to have discussed the questions jinc ira <?t jtudio, and I would 
like to advise everyone who concerns himself with the theory not to give him
self out as a follower or an opponent of this theory, but rather to consider 
the theory in such a manner as is congruous with science, namely as one way 
to discover peculiarities of nature's laws which may equally well turn out to 
be right or wrong. The decision concerning this cannot be reached in a dog
matic way, but one must leave it up to the decision of experience.""

Wien then reassures his readers that the "relativity theory is, like all 
physical theories, a result of experience." It is not difficult now to guess 
the particular experience involved: "The negative result of the Michel- 
son experiment is the fact of experience on which the relativity theory 
rests. This experiment is for this theory of equal significance as the per- 
petuum mobile is for the law of the conservation of energy. . . .""" This 
attempt to experimentalize the basis of relativity, incidentally, did not 
gain acceptance sufficiently to save relativity theory during the Nazi 
period from the stigma of what was called then (and even as recently 
as 1954) "the formal rationalism of Jewish thinking.""?

V. Explicit History

After the nearly complete consensus and confidence implied in text
books and in experimenticist works with epistemological intentions, we
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are prepared to find more variety and circumspection in the work of 
scholars who have undertaken to write explicitly historical accounts. 
This is indeed the case; there is far less agreement here. The existence 
of a whole spectrum of differently documented historical studies is itself 
an interesting problem.

To examine this spectrum and to arrange the items roughly in in
creasing order of intended seriousness as historical studies, we may start 
with T H E  WORLD OF THE ATOM, published in 1966. In short sections 
based largely on secondary material and inserted between excerpts from 
original papers, the editors intend to provide some historical guidelines. 
On the issue of interest to us we find a familiar comment, but now cur
iously hedged: "The legacy of the Michelson-Morley experiment to 
atomic theory was tremendous, if indirect. It was the negative result of 
the experiment that in part led Einstein into one of the fundamental 
ideas upon which the theory of relativity rests, namely, that the speed of 
light is the same for all observers, regardless how they may be moving."""

Another account that leaves open the extent or directness of the in
fluence is given in a useful biography, M iC H E L so N  AND TH E SPEED OF 

L iG H T ,  written primarily for high school students by the successful text
book and popular-science author Bernard Jaffe. Speaking of the original 
work on relativity, Jaffe writes that Einstein "saw the Michelson-Morley 
ether drift result as perfectly correct, since no ether drift should be ex
pected under the conditions of the experiment."^ "In this great upheaval 
in physics, the classic ether-drift experiment of Michelson had been of 
fundamental significance. To contend, as some have done, that Ein
stein's Special Theory of Relativity was essentially a generalization of 
the Michelson experiment, and that it could not have been arrived at 
without the experiment, is to overstate the case."""

Jaffe's biography incidentally does sound, if only faintly, a new note 
that has some significance for the understanding of the case. He writes, 
"Unwittingly, Michelson, as it turned out, had supplied the raw ma
terial for one of the great structures of science—a synthesis which was 
to be completed overseas. This was one of the very few instances when a 
basic discovery was made in America for European exploitation. Almost 
always it was the other way around.""^ The pride in the American 
scientist was undoubtedly increased, once relativity theory became pal
atable, by seeing his work as the root of relativity.""

A more detailed analysis, with new documentation, has been provided
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over the last several years in a series of insightful articles by R. S. Shank- 
land, Professor of Physics at Case-Western Reserve University (formerly 
Case Institute of Technology, where the Michelson-Morley experiment 
was repeated before Michelson's departure first for Clark University 
and then, in 1894, for the University of Chicago). A particular merit of 
Shankland's work has been his publication of a number of letters from 
and to Michelson and his report on a series of interviews with Einstein 
during the period 1950-1954.

On the important question before us, Shankland's writings show a 
significant development. His earliest article is a short piece on Michelson 
for the collection L E S  I N V E N T E U R S  C E L E B R E S -— S C IE N C E S  P H Y S I Q U E S  E T  

APPLICATIONS.*̂  Subtitled Axj&gn'gTicg <fg Jg f<z rgfafivifg, the article 
presents the experiment and the theory as closely coupled as in most of 
the above versions.*̂  Starting with Shankland's next essay on this topic 
about a dozen years later, Cottfarjaftont tch/t A/5grt another
aspect of the case begins to show up. His report (1963) is based on five 
visits with Einstein at Princeton; their conversations dealt principally 
with the work of Michelson, particularly the Michelson-Morley and 
Miller experiments, and with the subsequent studies that led to the 
clarification of Miller's results (in which Shankland himself took a lead
ing part). This article is a valuable and rich resource which merits 
mining for all it is worth.

Near the beginning of Shankland's first-hand report we find the main 
reason for his visit—and a response of Einstein for which nothing we 
have read above has prepared us:

The first visit [4 February 1950] to Princeton to meet Professor Einstein 
was made primarily to learn from him what he really felt about the Michelson- 
Morley experiment, and to what degree it had influenced him in his devel
opment of the Special Theory of Relativity. . . .  He began by asking me to 
remind him of the purpose of my visit and smiled with genuine interest 
when I told him that I wished to discuss the Michelson-Morley experiment 
performed at Cleveland in 1 8 8 7 . . . . When I asked him how he had learned of 
the Michelson-Morley experiment, he told me that he had become aware 
of it through the writings of H. A . Lorentz [ARCH. NEERL. 2 :  1 6 8 , 1'887, and 
many later references], but only after 7905 had it come to his attention! "Oth
erwise," he said, "I would have mentioned it in my paper." He continued to 
say the experimental results which had influenced him most were the ob
servations on stellar aberration and Fizeau's measurements on the speed of 
light in moving water. "They were enough," he said.s"
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Shankland may well have been astonished by Einstein's disclaimer of 
the direct genetic role of the Michelson-Morley experiment in the 
creation of the theory of relativity. As if to make sure that he had under
stood properly, Shankland wisely raised the whole matter again at an
other visit, two and a half years later, on 24 October 1952.

I asked Professor Einstein where he had hist heard of Michelson and his 
experiment. He replied, "This is not so easy, I am not sure when I first heard 
of the Michelson experiment. I was not conscious that it had influenced me 
directly during the seven years that relativity had been my life. I guess I just 
took it for granted that it was true." However, Einstein said that in the years 
1905-1909, he thought a great deal about Michelson's result, in his discus
sions with Lorentz and others in his thinking about general relativity. He then 
realized (so he told me) that he had also been conscious of Michelson's re
sult before 1905 partly through his reading of the papers of Lorentz and more 
because he had simply assumed this result of Michelson to be true.ss

These two statements must be faced; their authenticity cannot be 
minimized. Here and elsewhere in these interviews one is impressed 
with Einstein's consistent responses and analyses, as well as with the 
evident readiness and joy with which he thought of the experiment and 
of Michelson as a person. (Thus Shankland reports he said to him sev
eral times, "I really loved Michelson.") To be sure, as Shankland him
self emphasizes, many of the events discussed between them had 
occurred some fifty years before their meetings; Einstein's age was 
seventy-one and seventy-three years at the time of these two interviews, 
and during another interview there are two minor episodes where his 
memory did not serve him absolutely faithfully (Shankland reports that 
Einstein had forgotten about a speech he gave in Berlin on Michelson's 
death in 1931, and also about Joos's work). But it would be far too 
simple to dismiss or play down the repeated, direct response to Shank
land on a topic on which Einstein throughout his life had frequent 
occasion to ponder, write, and lecture, and on which he no doubt had 
often been asked questions.

The fact that the response is so contrary to practically all other ac
counts makes it imperative to reexamine the whole question in order to 
accommodate Einstein's statements: (1) that the Michelson experiment 
occupied his attention only after 1905 (although he was conscious of 
the result earlier); (2) that other, earlier ether experiments on stellar 
aberration and on the Fresnel ether-drag coefficient form the most im-
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portant experimental bases for his 1905 paper; and (3) that insofar as 
he was aware of the Michelson result, he was evidently not specially im
pressed with it upon reading it in Lorentz's paper because he already 
had assumed it to be true on other grounds.

We shall see to what extent Einstein's response is consistent with a 
careful reading of his 1905 paper itself and with all other pertinent re
ports and documents by Einstein which I have been able to find. But it 
is clear already that when compared to the various confident pronounce
ments above, Einstein's responses in these interviews seem vague, indefi
nite, and tentative. It is as if we had been preparing a case for a specific 
"Yes" or "No," and, at last, encountering the person most involved, we 
received the unexpected answer, "Neither! That's not the way it hap
pened, and in any case this was for me not really an important con
sideration." Einstein raises the distinct suspicion that the question may 
be as trivial or irrelevant to him as it is important to us or to Shankland, 
who started the series of visits "primarily to learn from him what he 
really felt about the Michelson-Morley experiment. . . ." It is doubly 
ironic to find at this point that neither Michelson nor Einstein regarded 
the famous experiment as decisive for himself, much less "crucial."

In two later articles Shankland adopted the position that the problem 
that the Michelson-Morley experiment posed "led indirectly to Ein
stein's Special Theory of Relativity,"'"' and "both postulates [of the 1905 
paper] could, of course, be considered as having a close relationship to 
the Michelson-Morley experiment, but actually Einstein arrived at his 
theory by a less direct route, becoming aware of the observational ma
terial principally through the writings of Lorentz which he began to 
study as a student in 1895."°s But perhaps the most significant part of 
these two articles is the publication in both of a letter which Einstein had 
supplied, evidently on Shankland's invitation, for a special meeting of 
the Cleveland Physics Society on 19 December 1952, honoring the cen
tenary of Michelson's birth. This letter, the result of a more careful and 
reflective response than may have been his piaa ivocg answers to the 
question, is therefore of even greater value. More strongly than in the 
somewhat sketchy remarks in the interviews, Einstein proposes a point 
of view for gaining a clearer understanding of his 1905 work on rela
tivity. Following is the document published by Shankland, in which I 
have inserted alternative readings of some phrases or words in brackets,
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to indicate translations that would be somewhat more faithful to the 
copy of the original German text:""

I always think of Michelson as the Artist in Science. His greatest joy 
seemed to come from the beauty of the experiment itself, and the elegance 
of the method employed. But he has also shown an extraordinary under
standing for the baffling fundamental questions of physics. This is evident 
from the keen interest he has shown from the beginning for the problem of 
the dependence of light on [upon] motion.

The influence of the crucial [famous] Michelson-Morley experiment upon 
my own efforts [deliberations] has been rather indirect. I learned of it through 
H. A. Lorentz's decisive investigation of the electrodynamics of moving bodies 
(1'895) with which I was acquainted before developing [setting forth] the 
Special Theory of Relativity. Lorentz's basic assumption of an ether at rest 
seemed to me not convincing in itself and also [replace and also &y precisely] 
for the reason that it was leading to an interpretation of the result of [omit the 
result of] the Michelson-Morley experiment which seemed to me artificial. 
What led me more or less [omit more or less] directly to the Special Theory 
of Relativity was the conviction that the electro-motoric [electromotive] force 
acting on [induced in] a body in motion in a magnetic field was nothing else 
but an electric field. But I was also guided by the result of the Fizeau experi
ment and the phenomenon of aberration.

There is, of course, no logical way leading to the establishment of a theory 
but only groping constructive attempts controlled by careful consideration of 
factual knowledge.?"

We first note some differences between the texts at important points. 
Thus the Michelson-Morley experiment is called "crucial" in the Eng
lish translation (as it often is in the didactic literature) but "famous" 
(hcrM/tmf) in the German original. But the most significant aspect of 
the document is the definite order of importance which Einstein as
signed to four identified experiments. The one "experiment" cited here 
as having led Einstein "directly" (in the German) or "more or less 
directly" (in the English text) to the special relativity theory is pre
cisely the thought experiment that appears on the first page of his 1905 
paper, namely, the motion of a conductor with respect to a magnetic 
field. The three other experiments were of some additional importance: 
the Fizeau and aberration experiments, whose results "also guided" 
Einstein, and the Michelson-Morley experiment, in its form presented 
by Lorentz in 1895. But even in this message on the centennial of
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Michelson's birth, Einstein assigns Micheison's experiment only the 
fourth rank as an historic stimulus: he reports that it had only a "rather 
indirect" role in his own work of 1905; specifically, the experiment (or 
rather its result) underlined the "artificial" character of the contraction 
hypothesis that seemed to be needed in order to rescue the conception 
of a stagnant ether—an artificial character, as we shall see, that was re
gretted by other physicists, including Lorentz himself.

This document, therefore, provides a likely scenario for the part 
played by experiments in the genesis of Einstein's 1905 paper. It is be
lievable in itself, considering the authority of the statement. And we 
shall find that it also fits with all other direct and indirect evidence 
coming from Einstein, including his letters, his spoken answers to ques
tions, and his original paper.

The final paragraph of the statement is rather startling. Here Einstein, 
having done his duty by writing this response to a specific question, goes 
beyond it and volunteers a glimpse of the methodological position that 
had also surfaced in his interviews with Shankland: "There is, of course, 
no logical way leading to the establishment of a theory but only groping 
constructive attempts controlled by careful consideration of factual 
knowledge." Entirely in accord with the honest self-appraisal of an 
original scientist, Einstein's forthright confession is yet so contrary to the 
widely current myths which present scientific work as the inexorable 
pursuit of logically sound conclusions from experimentally indubitable 
premises. Systematizes, axiomatizers, text writers, and others may yearn 
for linearized sequences both in scientific work itself and in accounts of 
it; the truth, alas, is different. Einstein had often mentioned this, for ex
ample in speaking to Shankland about the origins of his work of 1905. 
Shankland reports in Coŵ eMatz'oKi: "This led him to comment at 
some length on the nature of mental processes in that they do not seem 
at all to move step by step to a solution, and he emphasized how devious 
a route our minds take through a problem. 'It is only at the last that 
order seems at all possible in a problem.' " "  Similarly, in commenting on 
the correct view an historian should take of the work of physicists, Ein
stein told him: "The struggle with their problems, their trying every
thing to find a solution which came at last often by very indirect means, 
is the correct picture.""

This view Einstein had expressed repeatedly—though not previously 
in this context—explicitly from about 1918 on and more emphatically
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from the early 1930's on. Examples may be found in his essay in honor of 
Max Pianck in 1918 ("there is no logical way to the discovery of these 
elementary laws. There is only the way of intuition" based on Eiw/tiA- 
Iwwg in experience") ; in his Herbert Spencer lecture of 1933 (concern
ing the "purely fictitious character of the fundamentals of scientific 
theory""*'); in his AwtoAtograpAfowl Aotaf written in 1946 ("A theory 
can be tested by experience, but there is no way from experience to the 
setting up of a theory""); in his reply to Jacques Hadamard, who had 
asked Einstein for a self-analysis of his thought processes ("The words 
or the language, as they are written or spoken, do not seem to play any 
role in my mechanism of thought. The psychical entities which seem 
to serve as elements in thought are certain signs and more or less clear 
images which can be 'voluntarily' reproduced and combined""); and 
on many other occasions."

In believing that there can be an essential abyss between experience 
and logically structured theory, and in believing also in the related "dis
tinction between 'sense impressions' on the one hand and mere ideas on 
the other," which, as we noted, he confessed made him "guilty of the 
metaphysical 'original sin,'" "  Einstein separated himself from his ear
lier positivistic allegiances and from most of the prominent philosophies 
of science of his time. That he did not do this lightly is indicated by the 
frequency with which he kept reiterating these points over the years. In 
this connection Einstein's document for the Michelson centenary will be 
a key to the final evaluation of the problem under discussion.

To round out this section on explicitly historical accounts, we turn to 
the relatively few other sources that have serious historical intentions. 
Here we find a great variety of opinions among authors. At one end 
Sir Edmund Whittaker refers to "the Michelson-Morley experiment and 
the other evidence which had given rise to relativity theory" in his fa
mous and amply discussed chapter, entitled significantly 77n? Pc/wtim'ty 
TAeory o/ Poiwcwrg a n d  L o r g w t z ,  in A H I S T O R Y  O F  T H E  T H E O R I E S  O F  

A E T H E R  A N D  E L E C T R I C I T Y ."  At the other end is T. W. Chalmers's H I S 

T O R IC  R E S E A R C H E S : "It should be made clear that, in spite of frequent 
statements to the contrary, the theory for relativity did wot owe its inspi
ration and origin to the null result of the ether drift experiments. . . . 
Had the ether drift experiments never been performed, the theory for 
relativity would have arisen in the way it did, but it would have lacked 
one of its several sources of experimental confirmation.'""
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The most comprehensive historical study of the Michelson experiment 
has recently been carried out by Loyd Swenson in his Ph.D. dissertation 
mentioned earlier—T H E  ETHEREAL A ETH ER: A HISTORY OF THE 

M lC H ELSO N -M oR LEY  AETHER-DRIFT EXPERIMENTS, 1880- 1930. Swen- 
son is not primarily concerned with the special question of this essay, 
but rather analyzes historically the idea of the crMcz'i and
specifically the way in which Michelson's experiments were discussed 
before and after 1905. A number of points useful for our examination 
have already been noted in Section II. In particular, Swenson gives 
additional evidence of the consternation which Einstein's relativity 
paper caused in the early days. Thus he cites William F. Magie's ad
dress of 28 December 1911 to the American Physical Society, of which 
he had just been elected president: Magie stated that relativity "may 
fairly be said to be based on the necessity of explaining the negative re
sult of the famous Michelson-Morley experiment, and on the conven
ience of being able to apply Maxwell's equations of the electromagnetic 
field without change of form to a system referred to moving axes."s* 
Swenson continues, "Magie insisted on the counter-evidence that the 
principle of relativity was not essential to obtain explanations for the 
experiments by Fizeau, Mascart, Brace, nor those of Kaufmann and 
Bucherer. Why then, he [Magie] asked, should we allow the Michelson- 
Morley experiment to upset all our primary concepts of physics?" And 
quoting Magie again, "The principle of relativity accounts for the nega
tive result of the experiment of Michelson and Morley, but without an 
ether how do we account for the interference phenomena which made 
that experiment possible?"^" Clearly, like Oliver Lodge, Magie did not 
think much of the attempt to make relativity and Michelson's work 
support each other.^

In summary, what emerges from explicit historical accounts, includ
ing Einstein's interviews with Shankland, is that the story we found 
earlier in didactic or philosophical resources is, at best, suspect and 
needs a serious critique. The study so far has served to clarify some of 
the options that will emerge from direct documentary evidence, first 
of all from the basic paper by Einstein in 1905.

T /. Dirccf Evidence in Ein^tcin'-i 1905 Paper

Einstein's paper on relativity of his annay miraMij of 1905—still so 
fresh, so clearly the inspired work of genius—has been discussed so
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often that, we need here only a reminder of some chief points."" The 
purpose of the paper, as implied in the tide and the first lines of the 
introduction, is to provide an electrodynamics of moving bodies, based 
on the laws previously formulated in Maxwell's electrodynamics for 
bodies at rest. As Einstein said about forty years later in his 
grap/nca! TVoIej-: "The special theory of reladvity owes its origin to 
Maxwell's equations of the electromagnetic field. Inversely the latter 
can be grasped formally in satisfactory fashion only by way of the spe
cial theory of relativity."""

The first reason for doing this work is indicated in Einstein's first 
sentence: "It is known that Maxwell's electrodynamics—as usually un
derstood at the present time—when applied to moving bodies, leads to 
asymmetries which do not appear to be inherent in the phenomena." 
This is a dissatisfaction of an aesthetic kind, and incidentally one which 
had not been thought of by other physicists as a major defect that must 
be remedied. At any rate, we note that Einstein does not start by pointing 
to some conflict between theory and the known facts. The well-known 
example he appends to the first sentence is that "the customary view 
draws a sharp distinction" between the reasons why a current is induced 
in a conductor when, on the one hand, a conductor is at rest while in the 
field of a moving magnet (here the current is said to be due to an elec
tric field in the neighborhood of the magnet) and, on the other hand, 
the conductor is moving in the field of a resting magnet (here no elec
tric field exists in the neighborhood of the magnet, but following Hertz, 
an electromotive force appears in the conductor and is responsible for 
the electric current). Yet the magnitude and direction of the observed 
currents in the two cases are found to be the same, given the same rela
tive motion. The young author implies that the theory "as usually un
derstood at the present time" is deficient because of the asymmetry of 
presumed causes, and therefore that a reformulation of electrodynam
ics is needed to change the "understanding" by removing the asym
metry (as is done later in the paper"").

The example Einstein has chosen is, on the surface, rather pedestrian 
and not at all novel, going back to Faraday's work. But that is of course 
the mark of his originality. In leading up to the reformulation of the 
most fundamental notions of space and time, Einstein does not have to 
depend on a sophisticated effect or a new or even ancient experimental 
puzzle. He refers to observations long known and believed to be well
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understood by everyone. This was also how Galileo argued, in the D IA 

LO G U E  C O N C E R N IN G  T H E  Two C H I E F  W o R L D  S Y S T E M S . So, too, neither 
Copernicus's D E  R E V O L U T iO N iB U S  nor Newton's P R iN C ir iA  was based on 
newly available experimental facts; nor was either designed to explain 
observations which previous theory had failed to accommodate. To be 
sure, the more ordinary scientific paper, particularly in the modern peri
od, is apt to start from some new experimental result of an observation 
that has been recalcitrant, resisting absorption into the existing theoreti
cal structure.

After the details Einstein gave for the case of the induced-current ex
periment with conductors and magnets, his next two sentences are sur
prising in their unspecific language and in their combination of ap
parently unrelated matters:

Examples of this sort, together with the unsuccessful attempts to discover 
any motion of the earth relatively to the "light medium," suggest that the 
phenomena of electrodynamics as well as of mechanics possess no properties 
corresponding to the idea of absolute rest. They suggest rather that, as has 
already been shown to the first order of small quantities, the same laws of 
electrodynamics and optics will be valid for all frames of reference for which 
the equations of mechanics hold good.s?

We stop briefly at this significant place: it is precisely here that the 
Michelson experiment might have been referred to. It is, after all, fore
most in our textbooks among the experiments on the effects of the 
earth's motion upon the observed speed of light. But however we may 
speculate on whether or not Einstein thought about it, his paper does 
not support such speculation. Again, when Einstein later spoke specifi
cally of the origins of the relativity theory in his 
Nofei, he failed to mention Michelson's experiment anywhere. Some 
have found this frustrating, but it would be presumptuous to think that 
Einstein had any obligation to explain himself on this point, either in 
1905 or later. As it will turn out, he did leave more than enough 
material for the historian to deal adequately with the problem.

What is clear, at any rate, is that the famous experiment is not re
ferred to by name, nor are any other experiments on the presumed 
effect of the earth's motion relative to the ether. Also, in the sentence 
referring to the unnamed unsuccessful attempts to discover an ether 
drift, the experiments are not labeled as crucial. They seem to play a 
supporting role of the following kind: the results of the specified mag
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net-and-conductor experiments and of the unspecified optical experi
ments are in conflict with the notions of absolute space and with other 
ideas of absoiutistic physics. Also, in terms of Maxwell's electromag
netic theory, they are closely related experiments. These facts make it 
that much more reasonable to fasten upon Maxwell's theory as the place 
where, through its relativization, both optics and electrodynamics must 
be reinterpreted together.

The suggestion (conjecture, TgrmMtMng) referred to in Einstein's 
last sentence, whose purport he calls the "principle of relativity," is 
then, without further discussion, raised in status to become the first of 
two postulates which form the basis of the rest of the paper. The second 
postulate (constancy of the speed of light in empty space) is added in 
the same sentence without citing any evidence which might increase 
its plausibility. The reader is to find its warrant in the success of the 
theory based on the postulates.

Neither here nor later in the paper are the fundamental statements 
set forth in a logical way, connected to a well-marshalled set of facts 
and experiments and bolstered by detailed reasons and examples. (See 
Table I for an attempt to set out schematically the structure underly
ing these pages of the 1905 paper.) On the contrary the paper has the 
freshness of an outpouring of genius that makes it believable that it was 
written within "five or six weeks" (as Einstein wrote to one of his biog
raphers, Carl Seelig, on 11 March 1952), and in a year which saw him 
send three basic papers off at intervals of less than eight weeks while 
also doing his job at the Bern Patent Office.^ It is also quite in accord 
with Einstein's statement that he had then recently seen "there is no 
logical way to the establishment of a theory," but that he had to leap 
over the gap "to the discovery of a universal formal principle."^

We can thus relate these passages of 1905 with a well-known portion 
of Einstein's IVotM (written in 1946, published in
1949), in which he reported on what he regarded to be the origins of 
relativity theory in his own speculations:

Reflections of this type [on the limitations of Maxwell's theory for the de
scription of pressure fluctuations on a light reflector] made it clear to me as 
long ago as shortly after 1900, i.e., shortly after Planck's trailblazing work, that 
neither mechanics nor thermodynamics could (except in limiting cases) 
claim exact validity. By and by I despaired of the possibility of discovering 
the true laws by means of constructive efforts based on known facts. The
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TaMe 7. Bng/ ^cAgma '̂e yirMcfMrg o/ fAg mfroAMcfory jggfion
o/ EtwjfgtH  ̂7905 pa^gr ow rg/af:'t̂ Ay

Statements in sequence 

A Maxwell's electrodynamics for bodies 
at rest leads to asymmetries that do 
not belong to the phenomena.

B Attempts to discover a motion of the 
earth relative to the "light aether" 
have failed.

C Postulation of "principle of rela
tivity" for mechanics, optics, and 
electrodynamics.

D Postulation of principle of constancy 
of light speed.

E C -)- D will have consequences:

Examples or reasons given
1. Thought experiments a la Fara

day on electrodynamic interaction 
between magnet and conductor.

2. Other "examples of a similar 
kind" (not specified).

(No explicit reasons given.)

1. A-j-B "lead to" conjecture (the 
postulate) C (not shown how).

2. It has already proved useful for 
first order (a/c) theory.

(No explicit reasons given.)

1. A simple, noncontradictory elec
trodynamics will result, based on 
Maxwell's theory.

2. The "light aether" will be super
fluous.

longer and the more despairingly I tried, the more I came to the conviction 
that only the discovery of a universal formal principle could lead us to as
sured results. The example I saw before me was thermodynamics. The gen
eral principle was there given in the theorem: the laws of nature are such 
that it is impossible to construct a pgr̂ gfMMtn moMg (of the first and second 
kind). How, then, could such a universal principle be found? After ten years 
of reflection such a principle resulted from a paradox upon which I had al
ready hit at the age of sixteen: If I pursue a beam of light with the velocity c 
(velocity of light in a vacuum), I should observe such a beam of light as a 
spatially oscillatory electromagnetic field at rest. However, there seems to be 
no such thing, whether on the basis of experience or according to Maxwell's 
equations. From the very beginning it appeared to me intuitively clear that, 
judged from the standpoint of such an observer, everything would have to 
happen according to the same laws as for an observer who, relative to the 
earth, was at rest. For how, otherwise, should the first observer know, i.e., be 
able to determine that he is in a state of fast uniform motion?
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One sees that in this paradox the germ of the special relativity theory is 
already contained.̂ "

This passage has its exact parallel in the 1905 paper, in the concep
tual leap from a simple experiment (indeed, also a kind of 
experiment—the relative motion of conductor and magnet) to the gen
eral principle from which the content of the relativity theory will de
rive. Moreover, it appears not to have been noticed before that the 
seminal paradox pondered in his youth and the experiment in the be
ginning of the 1905 paper are physically of precisely the same kind: in 
one case the question concerns the electric and magnetic fields a mov
ing observer finds to be associated with a light beam; in the other case, 
it concerns the electric and magnetic fields experienced by a moving 
conductor; and the solutions in both cases follow from the same trans
formation equations. It seems therefore possible that Einstein may have 
had this youthful thought-experiment with the light beam in mind when 
he wrote in 1905 the otherwise rather obscure phrase, "examples of 
this sort."s? Indeed, the paradox of the light beam would have been 
a natural bridge to the reference immediately following in the 1905 
paper, namely to the experiment attempting "to discover any motion 
of the earth relative to the 'light medium.' "

The next sentence of the 1905 paper is one in which Einstein, now 
near the end of his introduction, almost gratuitously notes a result to 
be expected from his approach. "The introduction of a 'luminiferous 
ether' will prove to be superfluous inasmuch as the views here to be de
veloped will not require an 'absolutely stationary space' provided with 
special properties. . . This quickly brings him to the "Kinematical 
Part," with its examination of the concepts of space and time. The 
Lorentz transformation equations are derived from the postulates and 
lead to the transformation of the Maxwell-Hertz equations that en
compass all electrodynamic phenomena, including moving magnets at 
one end and moving light beams at the other. All the rest follows from 
this: the relativistic Doppler effect, aberration, and the pressure of radi
ation exerted on a reflector. It is significant that aberration and change 
in frequency of a light wave are the two oldest known optical effects 
due to the motion of the earth relative to the stars—known long before 
the Michelson experiment—and that the problem of radiation pressure 
is one which Einstein reported later to have intrigued him very early 
as evidence of the limits of applicability of Maxwell's theory.
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But at this point Einstein stops himself: "All problems in the optics 
of moving bodies can be solved by the method here employed. What is 
essential is that the electric and magnetic force of the light which is 
influenced by a moving body be transformed into a system of co
ordinates at rest relatively to the body." (Here the experiment of the 
magnet and induced current connects again with the experiment on the 
light beam.) "By this means all problems in the optics of moving bodies 
will be reduced to a series of problems in the optics of stationary 
bodies.""*

It would be incredible for a more ordinary physicist, particularly for 
a young man proud to show the power of his new theory, to do what 
Einstein now does (or does not do): he fails to explain that these sen
tences contain a reinterpretation of the null result of the Michelson 
experiment, the relativistic equivalent of the Lorentz-FitzGerald con
traction, and the solution of other problems that had preoccupied many 
of the best physicists during the previous two decades. Depending on 
one's predisposition, the last sentence cited above can be interpreted as 
a statement of elegance, of arrogance, of ignorance of the detailed ex
periments in the "optics of moving bodies," of lack of serious concern 
with the messy details of experimental physics, or even of mere lack of 
time to go into further detail in a thirty-one-page paper, written rapidly 
during an immensely productive period.

I suspect that all of these elements were at work, but the first is the 
most prominent. For example, in forgoing for the second time the op
portunity to mention the Michelson experiment, Einstein is only facing 
the fact that from the point of view of relativistic physics, nof bn- 

in the experiment. The result is "natural," fully 
expected, and trivially true. The abandonment of the ether and the 
acceptance of the transformation equations meant the disappearance of 
both the objective and the very vocabulary for discussing the ether- 
theoreticians' interests in the null result and in the possible "causes" of 
the "contraction." The two views of the experiment were thus different 
to the point of being unbridgeable, which accounts for the inconclusive
ness of debate between the two factions long after the paper was pub
lished, for example at the 1927 meeting on the Michelson experiment. 
The relativists simply could not see the complex problems that were 
seriously evident to the ether theorists to whom, in Dugas's happy phrase, 
the ether still formed "the substratum of thought in physics."
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This recognition should prepare us for the possibility that analogous 
philosophical differences separate the two points of view on the over
riding question—how to understand the history of the development of 
relativity theory. On one hand is the largely intuitive, holistic approach 
of Einstein himself, with some empiricist and rationalist elements; on 
the other hand, there are the axiomatic and experimenticist approaches 
we noted earlier. To the first group it appears natural that an experi
ment that played no decisive role should not be mentioned; for the 
second group, however, the absence in Einstein's paper of specific ac
knowledgments to the role of Michelson's experiment becomes a prob
lem, and Einstein is seen as having shirked an "obligation" to explain
himself.

Returning to Einstein's paper of 1905, we find at the end a short 
section on the dynamics of moving electrons—that particularly famous 
case of moving bodies discovered only eight years earlier, and concur
rently the subject of widely discussed experiments, such as those by 
Kaufmann. None of the experiments, however, is mentioned. The paper 
ends with three statements, one of which "may be tested experimentally," 
and which together are boldly summarized as "the laws according to 
which, by the theory here advanced, the electron must move."^ This is 
in fact the only place in the paper where new experimental results are 
predicted explicitly, although elsewhere there are a few implications, 
for example, that an object moving at high relative speeds "will appeal 
shortened" and that a moving clock will appear to a stationary ob
server to keep time more slowly. In a few instances a result is said to be 
in accord with established experiments (the case of the pressure of 
light, for instance). Yet, while Einstein develops the equations which 
can explain with striking ease such historic experiments as the Fizeau 
test of Fresnel's theory of ether drag or the aberration observations, the 
equations are not explicitly applied to them.

In a paper meant to be read by a community of scientists used to 
being presented with experimental verification of new theories, it would 
have greatly helped the establishment of relativity theory if there had 
been, so to speak, a pedagogic section elaborating on the consequences 
of the basic work. One can only speculate that this remarkable omission 
may be additional evidence that the author perceived as obvious what 
to others would be a delighted discovery, and that he was single-mind- 
edly attending to his announced main purpose—the reformulation of
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electrodynamics based on Maxwell's equations, together with reform 
of the notions of space and time which this work necessitates."*

By his own, later criteria for a sound theory—-"internal perfection" 
and "external confirmation""^—one might have expected a little more 
detailed discussion of both these criteria. However, the paucity of cited 
"facts" and experiments conforms to Einstein's dictum of what consti
tutes "external confirmation": not that a theory must be fault on clearly 
visible empirical facts; not that the theory must be uen/Md by decisive 
experimentation; but rather, "the theory must not contradict empirical 
âctc.""" This criterion is even coupled with a warning against trying 

to secure "the adaptation of the theory to the facts by means of arti
ficial additional assumptions" such as are "often, perhaps even always, 
possible.""  ̂This remark led Einstein to discuss the criteria concerning 
the premises of a theory, "with what may briefly but vaguely be char
acterized as the 'naturalness' or 'logical simplicity' of the premises." He 
admits that "an exact formulation . . . meets with great difficulties," for 
it involves "a kind of reciprocal weighing of incommensurable quanti
ties." Though he cannot be more precise, "it turns out that among the 
'augurs' there usually is agreement in judging the 'inner perfection' of 
theories. . . .""" Here we face again the role of what can only be called 
scientific taste in deciding which theory or hypothesis to accept and 
which to reject. We shall come back to this important point later.

To summarize: the style of thought that emerges from the direct 
examination of the 1905 paper is fully consonant with Einstein's report 
half a century later on the occasion of the centennial of Michelson's 
birth. It is not a theory of the more usual kind, designed to save one or 
even a few phenomena, but a theory "whose object is the fcdaKfy of all 
physical appearances.""" There is nothing in the paper which gives 
support to the idea that Einstein must have considered Michelson's 
experiment as crucial or even of primary importance, or even that he 
did know or had to know of its existence. Michelson's null result is evi
dent "on other grounds" if one accepts the general sway of Maxwell's 
theory over all electrodynamics and optics and applies the relativity 
principle to it. Such basic experimental results as are assumed in the 
paper could well be those of Faraday, Fizeau, and the aberration ex
periments. From first to last, Einstein's paper is a work on a grandiose 
scale, specifically intended to transform the electrodynamic theory as 
then understood; and in the process it implies its own methodology and
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its own metaphysics to serve as the philosophical basis of a renewed 
science. This is of course why we think of it still as so powerful a work.

V / / .  / n d t r e c f  F r o m  7 9 0 3  aw<7 F a r O g r

We have seen no direct evidence in the 1905 paper itself to support 
the common textbook story, and on the contrary we have found more 
plausible evidence in the opposite direction. However, this cannot by 
any means complete our search, for there are a number of different 
types of indirect evidence to be examined, including evidence from 
contemporaneous work of Einstein in 1905 and from his early work, 
comments, and letters.

Reading other work by Einstein in 1905, we may reasonably expect 
to find additional insight into his assessment of the relation between 
experimental fact and theory. As I have discussed elsewhere,*"" the three 
epochal papers of Einstein published in 1905, though on such very dif
ferent fields of physics—quantum theory of light, Brownian motion, 
relativity—all shared two significant properties. They arose from the 
same general problem: fluctuations in radiation pressure, for which, in 
the case of a mirror suspended in a radiation cavity, Einstein knew by 
1905 that Maxwell's theory leads to wrong predictions. And they shared 
the same style of construction: "Each begins with the statement of for
mal asymmetries or other incongruities of a predominantly aesthetic 
nature . . . ,  then proposes a principle—preferably one of the generality 
of, say, the Second Law of Thermodynamics, to cite Einstein's repeated 
analogy—which removes the asymmetries as one of the deduced conse
quences, and at the end produces one or more experimentally verifiable 
predictions."*"*

The experimental part in each of the three papers was by far the least 
developed and for many the most unconvincing part. Thus, Millikan, 
whose Nobel Prize in physics was awarded in part for his experimental 
confirmation of Einstein's theory for the photoelectric effect, remarked 
later that Einstein's explanation of the effect in 1905

at the time ignored and indeed seemed to contradict all the manifold facts 
of interference and thus to be a straight return to the corpuscular theory of 
light which had been completely abandoned since the time of Young and 
Fresnel around 1800 A.D. I spent 10 years of my life testing the 1905 equa
tion of Einstein's, and, contrary to all my expectations, I was compelled in
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1915 to assert its unambiguous experimental verification in spite of all its 
unreasonableness since it seemed to violate everything that we knew about 
the interference of light.*"̂

We conclude that Einstein's other work of 1905 was quite consistent 
with the relativity paper, and that in particular the attitude toward ex
periments was the same: reliance on a very small number of experi
ments either as the basis of the theory or as a support to its claim to 
serious attention.

Elsewhere I have shown that at least from 1907 on we have evidence 
that even in the case of "discontinuing facts," such as Kaufmann's con
fident "experimental disproof" of relativity in 1906, Einstein continued 
to believe in a theory that seemed to him to have a "greater probability" 
because it embraced a "greater complex of phenomena."*"" I shall now 
review, in approximately chronological order, the other documents I 
have been able to find that have a bearing on Einstein's attitude on the 
importance of experimentation, particularly with respect to the Michel- 
son experiment.

There is good evidence that as a young student Einstein regarded 
himself as an empiricist. The later attainment of a more complex posi
tion was definite enough to be dated by Einstein himself in his .4M?o&:o- 

Aofgi as "shortly after 1900," when he found after Planck's 
publications of 1900 that neither mechanics nor thermodynamics could 
claim exact validity. "By and by I despaired of the possibility of dis
covering the true laws by means of constructive efforts based on known 
facts."i°* But prior to that, while a student at the Polytechnic Institute 
of Zurich from 1896 to 1900, he tended toward practical experimenta
tion: "There I had excellent teachers (for example, Hurwitz, Min
kowski), so that I really could have gotten a sound mathematical educa
tion. However, I worked most of the time in the physical laboratory, 
fascinated by the direct contact with experience."*"" This dating fits 
with evidence provided in 1930 by Einstein's biographer Anton Reiser,*"" 
who, as I have pointed out elsewhere,*"* was in fact Einstein's son-in-law, 
Rudolf Kayser, who worked on the biography with Einstein's acqui
escence. An interesting passage in the biography refers to young Ein
stein's early interest in constructing by himself an experiment of the 
type we have been here discussing, while under the sway of "pure 
empiricism":
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He encountered at once, in his second year of college, the problem of light, 
ether and the earth's movement. This problem never left him. He wanted to 
construct an apparatus which would accurately measure the earth's movement 
against the ether. That his intention was that of other important theorists, 
Einstein did not yet know. He was at that time unacquainted with the posi
tive contributions, of some years back, of the great Dutch physicist Hendrik 
Lorentz, and with the subsequently famous attempt of Michelson. He wanted 
to proceed quite empirically, to suit his scientific feeling of the time, and be
lieved that an apparatus such as he sought would lead him to the solution 
of a problem, whose far-reaching perspectives he already sensed.

But there was no chance to build this apparatus. The skepticism of his 
teachers was too great, the spirit of enterprise too small. Albert had thus to 
turn aside from his plan, but not to give it up forever. He still expected to 
approach the major questions of physics by observation and experiment. His 
thought was most intensely bound up with reality. As a natural scientist he 
was a pure empiricist. He did not entirely believe in the searching power of 
the mathematical symbol. After several years this state of affairs changed 
completely.*""

The story fixes a date (the academic year 1897-1898) before which 
Einstein would not have heard of the Michelson experiment, and it 
helps us also to understand what otherwise may seem to be puzzles and 
contradictions in Einstein's references to his state of knowledge of the 
Michelson experiment prior to the publication of the 1905 paper. It 
makes it that much more believable that Einstein could have accepted 
without surprise the result of the Michelson experiment when he did 
become aware of it, for he had pondered about an ether-drift experi
ment of his own; and at any rate his empiricist type of approach had 
later "changed completely." As we noted from Shankland's first inter
view with Einstein in 1950, "when I asked him how he had learned of 
the Michelson-Morley experiment, he told me that he had become 
aware of it through the writings of H. A. Lorentz, but only a/fgr 1905 
had it come to his attention!"*"" And in 1952 Einstein told Shankland, 
"I am not sure when I first heard of the Michelson experiment. I was 
not conscious that it had influenced me directly during the seven years 
that relativity had been my life. I guess I just took it for granted that 
it was true." Shankland immediately adds, "However, Einstein said that 
in the years 1905-1909, he thought a great deal about Michelson's re
sult, in his discussions with Lorentz and others in his thinking about

EINSTEIN, MICHELSON, AND THE "CRUCIAL" EXPERIMENT

317



ON RELATIVITY THEORY

general relativity. He then realized (so he told me) that he had also 
been conscious of Michelson's result before 1905 partly through his 
reading of the papers of Lorentz and more because he had simply as
sumed this result of Michelson to be true.'"*"

Shankland's report of Einstein having read Lorentz's papers before 
1 9 0 5  must now be clarified. We know such reading in fact did not 
include the famous 1 9 0 4  paper of Lorentz/" in which he gave his 
theory of electromagnetism for moving bodies to quantities of the sec
ond order (p" : c"), nor probably most of the other papers that partly 
had prepared for it."s We have positive evidence of Einstein having 
read only one paper and one book by Lorentz-—the paper of 1 8 9 2  (pub
lished in French) and the book of 1 8 9 5  (published in German), in 
which the theory given is to the first order of the quantity (p : c). This 
fits entirely with Einstein's remark in the 1 9 0 5  paper, "as has already 
been shown to the first order of small quantities. . . ." Also, Einstein 
wrote specifically on this point to his last biographer, Carl Seelig: "As 
for me, I knew only of Lorentz's important work of 1 8 9 5 — La 
gfec?7*omag7Mt:<?Mg <L? A f a x w g H  [actually published in 1 8 9 2 ] ,  and V E R -

S U C H  E I N E R T H E O R I E  D E R  E L E K T R I S C H E N  U N D  O P T I S C H E N  E R S C H E I N U N -

GEN IN BEWEGTEN KoRPERN [1895]—but not Lorentz's later publica
tion, nor the consecutive investigations by Poincare. In this sense my 
work of 1905 was independent.'"*" We may well take Einstein's quoted 
word to Seelig; and even if he had read other papers by Lorentz prior 
to Lorentz's 1904 paper, he would not have found in them a more ex
tensive discussion of the Michelson experiment than Lorentz gave in 
his 1895 book. It will therefore be profitable if we look with a little care 
at Lorentz's 1895 work."*

In this work Lorentz is still satisfied with the construction of a theory 
which will explain first-order effects, that is, quantities in p : c. There
fore the Fresnel ether theory and the aberration experiment are promi
nently mentioned on page 1 and are further dealt with in the text. But 
the Michelson ether-drift experiments are only briefly mentioned (on 
p. 2) with the casual warning that they will find interpretation in the 
framework of a first-order theory only by means of what he calls a 

The matter is not brought up again until page 120, 
in a short section toward the end of the 139-page book. This, however, 
has become that part of the book which everyone in the field knows,
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because the particular excerpt—with its subtitle "Michelson's Interfer
ence Experiment" now serving as the main title—was put at the be
ginning of the famous reprint collection of Lorentz, Einstein, Min
kowski, and Weyl, published by Teubner in 1913.*" (Thus do scissors- 
wielding and extract-prone editors distort the appearance of history!)

In Lorentz's book this section appears in the last chapter, one de
voted to residual difficulties in Lorentz's otherwise quite successful first- 
order theory, and is entitled "Experiments whose Results do not allow 
Explanation without Further Ado." He discusses three such embar
rassing experiments. The first takes about five pages and is on an un
expectedly absent rotation of the plane of polarization (Mascart, 1872), 
which Lorentz attempts to explain by a separate ad hoc hypothesis with
out much conviction. Then come the 1881 and 1887 ether-drift experi
ments of Michelson (also in about five pages). There, on "the basis of 
Fresnel's [ether] theory," a p* : effect was predicted. To explain why
it had not been observed, Lorentz first rejects Stokes's original aberration 
theory as one that raises too many difficulties; as an alternative he will 
try to obtain the removal of the puzzle "by means of a hypothesis which 
I have already announced some time ago [in 1892-1893] and which, 
as I later found, FitzGerald reached also." This saving 
is introduced completely ad hoc: "If one assumes that the arm [of the 
interferometer] lying in the direction of the earth's motion is shorter 
than the other by L ( p "  : g*) . . . , the result of the Michelson experi
ment is fully explained." He acknowledges that "this hypothesis at first 
glance may appear estranging [&g/rgmg?gn<7], but one must nevertheless 
admit that it is not so far-fetched" if one associates it with yet another 
assumption, namely that the molecular forces that determine the dimen
sions of a body are modified by relative ether motion, "similar to what 
may now be certainly stated for electric and magnetic forces."""

No explicit comment is made which connects this assumed shrinkage 
with the Lorentz transformations in their still primitive form, as pub
lished earlier in the book. And throughout this section Lorentz stresses 
the ad hoc nature of the argument. Thus when he comes back to the 
equality of transformation properties he has assumed for both the 
molecular forces and electrostatic forces, he confesses there is "no 
ground" for the assumption.*** The reader is left with the impression 
that the results of this experiment indeed "ifgA nicA? o/;pg Wgitgrg.f
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grHargn as the title of the chapter warned. It appears, there
fore, that the work would not have been adversely affected if the Mi- 
chelson experiment had not been done at all!

The third experiment Lorentz takes up in this 1895 book is the polar
ization experiment of Fizeau on glass columns, in which Fizeau had 
thought to have detected an effect of the earth's motion on the plane 
of polarization of light. These are the final thirteen pages of the book 
and therefore the longest of the three items. This experiment is singled 
out by Lorentz's remarks that its results "deserve our attention in high
measure."ns

So, when Einstein mentions in 1905, after the opening paragraph of 
his relativity paper, "the unsuccessful attempts to discover any motion 
of the earth relatively to the 'light medium,' " without naming specifical
ly any one of them, he could have had in mind any two or more of at 
least jgugM experiments—the first two which were cited in the last chap
ter of Lorentz's work of 1895, and five additional ones that became 
known by 1905: the experiments by Rayleigh of 1902 on rotary polar
ization and double refraction; by Brace on double refraction in 1904 
and the repetition, with negative effect, of the Fizeau experiment on 
glass columns in 1905; and by Trouton and Noble in 1903 on the turn
ing couple of a condenser. (One might also add other ether experi
ments which had a bearing: e.g., Arago, 1810; Fizeau, 1851; Lodge, 
1892.) Pointing out that Einstein had all these choices, as is clear to 
anyone who has read the available literature, does not in itself deny 
the possibility of an inspirational role for the Michelson experiment. 
On the other hand, there is also no warrant for believing that Einstein's 
phrase "the unsuccessful attempts" must point directly to any one of 
these experiments, including Michelson's. It is in fact entirely possible 
that he had heard and read about any two of these "unsuccessful at
tempts" and had drawn the correct conclusion that all of them would 
be unsuccessful.

We turn now briefly to Lorentz's basic 1904 paper, which everybody, 
including Einstein after 1905, read and cited. Lorentz there forges ahead 
with the improvement of the first-order theory of 1895 and specifically 
tries to reach a theory to cover second-order phenomena. The Michel
son experiment is therefore much more important to Lorentz's argu
ment than it was in 1895. It now appears at the very beginning of the 
paper, followed by some of the other more recent, embarrassing experi
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ments (Rayleigh, Brace, Trouton and Noble, and Kaufmann), and 
the explanation of Michelson's results is given at two different places.**" 
It is a masterful paper. In my opinion it is, together with Poincare's 
paper of 1905, the best work prior to Einstein's relativity theory that 
electrodynamics was capable of achieving. But it is significant that in 
this peak achievement of classical physics we find two striking Haws, 
both later acknowledged by Lorentz himself.

The first is that the transformation equations Lorentz developed here 
do not after all achieve what he had hoped: Maxwell's equations are 
not completely invariant even at small speeds. In 1912 Lorentz gen
erously added a footnote to the 1913 republication of his 1904 paper in 
the Teubner collection, one that was unfortunately left out in the Eng
lish-language reprint of the essay:

One will notice that in this work the transformation equations of Einstein's 
Relativity Theory have not quite been attained. Neither equation (7) nor 
formula (8) has the form given by Einstein, and as a result I was unable to 
make the term in equation (9) disappear and to put equation (9)
exactly in the form which holds for a system at rest. On this circumstance 
depends the clumsiness ff/nhcAolfcne] of many of the further considerations 
in this work. It is owing to Einstein that the relativity principle was first an
nounced as a general, strictly and exactly valid law. . . .*2°

In Lorentz's T H E  T H E O R Y  O F  E L E C T R O N S  we find a similar statement. 
Lorentz points out that "besides the fascinating boldness of its starting 
point, Einstein's theory has another advantage over mine." Einstein 
has attained exact covariance "by means of a system of new variables 
slightly different from those which I have introduced." And Lorentz 
adds significantly: "I have not availed myself of his substitutions, only 
because the formulae are rather complicated and look somewhat arti
ficial, unless one deduces them from the principle of relativity itself."*"* 
This remark incidentally serves to announce the theme of the relativity 
of "artificial" assumptions, to be discussed below in more detail.*""

The recognition of a second flaw in Lorentz's work, one that now 
strikes us as even more serious than the first, is implied in another 
typically generous comment by Lorentz in 1909 in T H E  T H E O R Y  O F  

E L E C T R O N S . There he hints at a further aspect of the difference between 
the "clumsiness" of his own hypothesis-ridden, constructive theory and 
the "fascinating boldness" of Einstein's approach, which sweeps away
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the whole complex machinery of ether-electrodynamics, a theory in 
which Einstein started from general principles and jettisoned wherever 
possible any assumption, even one that was as precious to contemporary 
physics as the light ether. Einstein's results concerning electromagnetic 
and optical phenomena, Lorentz writes,

. . . agree in the main with those which we have obtained in the preceding 
pages, the chief difference being that Einstein simply postulates what we 
have deduced, with some difficulty and not altogether satisfactorily, from 
the fundamental equations of the electromagnetic field. By doing so, he may 
certainly take credit for making us see in the negative results of experiments 
like those of Michelson, Rayleigh, and Brace, not a fortuitous compensation 
of opposing effects, but the manifestation of a general and fundamental prin
ciple.*^

In a note added in the edition of 1915 Lorentz went further: " ...  Ein
stein's theory . . .  gains a simplicity that I had not been able to attain."*^ 
Einstein agreed in a publication soon afterward, stating that the relativ
ity theory grew out of the Maxwell-Lorentz theory of electrodynamics 
"as an amazingly simple summary and generalization of hypotheses 
which previously had been independent from one another. . . This 
feeling of attaining a view in which previously separate processes, phe
nomena, or mechanisms now appear interdependent has always been 
a quasi-aesthetic experience of the most treasured kind in the sciences. 
One is reminded of Copernicus' triumphant boast in the D E  R E V O L U - 

T iO N iB U S  that in his heliocentric system "not only do all their [the 
planets] phenomena follow from that, but also this correlation binds to
gether so closely the order and magnitudes of all the planets and of their 
spheres or orbital circles, and the heavens themselves, that nothing can 
be shifted around in any part of them without disrupting the remaining 
parts and the universe as a whole."

F i l l .  Tgainrf aw Td Roc PAyricr

That feeling of having unveiled a grand scheme, one so beautifully 
interconnected that all of it can be entered through a very small set of 
postulates, is precisely what seems lacking in Lorentz's theory. Devoted 
though Poincare was to Lorentz, he reserved some of his most caustic 
criticism for the way more and more new hypotheses appeared in this 
work:
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On a fait des experiences qui auraient du deceler ies termes du premier 
ordre; les resultats out ete negatif; cela pouvait-il etre par hasard? Personne 
ne I'a admis; on a cherche une explication generale, et Lorentz I'a trouvee; 
il a montre que Ies termes du premier ordre devaient se detruire, mais il n'en 
etait pas de meme de ceux du second. Aiors on a fait des experiences plus pre
cises; elies ont aussi ete negatives; ce ne pouvait non pius etre I'elfet du hasard; 
il faiiait une expiication; on I'a trouvee; on en trouve toujours; les hypotheses, 
c'est le fonds qui manque le moins.

Mais ce n'est pas assez...

Lorentz surely did not enjoy the ad hoc character of his theory. The 
matter was evidently much on his mind when he wrote the 1904 paper. 
On the second page Lorentz gives the chief reasons for publishing a 
new treatment:

The experiments of which I have spoken are not the only reason for which 
a new examination of the problems connected with the motion of the Earth 
is desirable. Poincare has objected to the existing theory of electric and opti
cal phenomena in moving bodies that, in order to explain Michelson's nega
tive result, the introduction of a new hypothesis has been required, and that the 
same necessity may occur each time new facts will be brought to light. Surely 
this course of inventing special hypotheses for each new experimental result 
is somewhat artificial. It would be more satisfactory if it were possible to 
show by means of certain fundamental assumptions and without neglecting 
terms of one order of magnitude or another, that many electromagnetic ac
tions are entirely independent of the motion of the system. Some years ago 
[1899], I already sought to frame a theory of this kind. I believe it is now pos
sible to treat the subject with a better result. .. Â?

There is little doubt that Lorentz's hopes for a more satisfactory 
theory were not entirely in vain. Thus he could say "the only restriction 
as regards the velocity will be that it be less than that of l i g h t . B u t  
the work is far from dispensing with the need to set up "special hypo
theses" to explain new experimental results, and Lorentz has to intro
duce explicitly or implicitly at least eleven different ad hoc assumptions 
or hypotheses (the terms are used interchangeably in his paper), as I 
have pointed out previously.^" For a paper that is to deal with physics 
from a fundamental point of view it is veritably obsessed with hypoth
eses. I have made a quick count of the number of times the term "hy
pothesis" or "assumption" and their direct equivalents ("I shall now 
suppose") appear: it happens at least thirty times in these pages, and
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even more if one adds circumlocutions and implicit references (e.g., 
"the velocity will be subjected to a limitation . . Whether all the 
hypotheses introduced are ad hoc in the same sense or to the same de
gree, whether the criteria of ad hocness are different for different types of 
theory, or whether such distinctions are significantly meaningful for 
physicists or philosophers are not issues at this point. What is more 
relevant for an understanding of Einstein's work is to read Lorentz's 
paper through the eyes of someone such as Einstein whose style of work 
is to minimize the making of hypotheses.

On the other hand, to appreciate Lorentz's purpose and problem 
fully we must remember that he saw the crisis of physics in the 1890's 
and 1900's in a rather different way from Einstein. With his immense 
knowledge in virtually every part of physics, Lorentz was then partic
ularly deeply involved in constructing, step by step, a viable theory for 
electrodynamics, based as far as possible on existing principles and 
mechanisms, relying on experimental results as a guide to the detailed 
construction of a modification of existing theory. The result, as a careful 
reading of Lorentz's papers shows, was that Poincare's accusation was 
all too justified. But Lorentz was attending to a very difficult problem 
with conventional tools, and today we also know how to live in some 
areas of contemporary physics with far less elegant work and more 
blatantly ad hoc hypotheses. Nothing better could probably be done as 
long as the ether was kept at the heart of physics; and that seemed to 
Lorentz, as to Poincare, Michelson, and many others, a thematic neces
sity to the end of his life.^°

The simplification introduced by Einstein's approach is far easier to 
discern with hindsight. The decisions at this point in the origins of con
temporary science were quite analogous to the decisions at the fork in 
the road to modern science—in accepting or rejecting the Copernican 
system in the sixteenth century. A famous passage in Herbert Butter
field's T H E  O R I G I N S  O F  M o D E R N  S c iE N C E  is as appropriate for the 
twentieth-century turning point as for the earlier one:

. . .  at least some of the economy of the Copernican system is rather an opti
cal illusion of more recent centuries. We nowadays may say that it requires 
smaller effort to move the earth round upon its axis than to swing the whole 
universe in a twenty-four hour revolution about the earth; but in the Aris
totelian physics it required something colossal to shift the heavy and sluggish 
earth, while all the skies were made of a subtle substance that was supposed
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to have no weight, and they were comparatively easy to turn, since turning 
was concordant with their nature. Above all, if you grant Copernicus a cer
tain advantage in respect of geometrical simplicity, the sacrifice that had to 
be made for the sake of this was tremendous. You lost the whole cosmology 
associated with Aristotelianism—the whole intricately dovetailed system in 
which the nobility of the various elements and the hierarchical arrangement 
of these had been so beautifully interlocked. In fact, you had to throw over
board the very framework of existing science, and it was here that Copernicus 
clearly failed to discover a satisfactory alternative. He provided a neater ge
ometry of the heavens, but it was one which made nonsense of the reasons and 
explanations that had previously been given to account for the movement in 
the sky.isi

Here again a similar agonizing choice had to be made: in order to ex
tend the principle of relativity from mechanics (where it had worked) 
to all of physics, and at the same time to explain the null results of all 
optical and electrical ether-drift experiments, one needed "only" to aban
don the notion of the absolute frame of reference and, with it, the ether. 
But without these the familiar landscape changed suddenly, drastically, 
and in every detail. Physics was left without its old hope, already partly 
and sometimes gratifyingly fulfilled, namely to explain all phenomena 
by means of one consistent, mechanistic theory.

In the compass of this work we cannot do full justice to the question 
of what constitutes an ad hoc hypothesis as it affects the work of scien
tists such as Lorentz and Einstein; but we must at least include some 
comment, for it is an essential issue for two related reasons. Somewhat 
along the line of the textbook story, a few philosophers of the experi- 
menticist persuasion appear to think that Lorentz's and Poincare's 
theory was on the whole satisfactory (e.g., they argue that not all the 
hypotheses were ad hoc in the same sense or that Einstein's theory did 
not drastically reduce the number and artificiality of the needed hypoth
eses), so that the Michelson experiment becomes more plausibly the 
"crucial" event that forces a radical reconsideration. More important for 
our purposes is another reason for clarifying the meanings of ad hoc 
in the actual work of scientists: to be able to appreciate the differences 
of style between the chief protagonists and indeed the differences be
tween classical nineteenth-century physics and modem twentieth-cen
tury physics.

To begin with, operationally it does not matter whether an ad hoc
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hypothesis appears to have some support in theory (thus it is easily seen 
from Lorentz's papers that he tried to link the contraction hypothesis 
with the supposediy analogous behavior of "molecular forces" on the 
one hand and electric and magnetic forces on the other, though without 
being abie to say anything revealing about these presumed molecular 
forces). It also does not much matter that the contraction hypothesis 
was not completely self-contained; Lorentz himself made clear that his 
ad hoc assumptions might have uses beyond merely explaining the ex
periments that forced their invention (e.g., the prediction of a negative 
result for the Michelson experiment for light rays traversing transparent 
objects) .132 These other applications of the ad hoc hypothesis are not of 
real interest in any case; they were not urged as tests that would decide 
on its acceptability, and even if such tests had been carried out success
fully, it is unlikely that they would have increased the appeal of the 
hypothesis to Einstein.

A refinement of the concept of ad hoc, including divisions into such 
categories as "logically ad hoc" and "psychologically ad hoc," may per
haps be of interest for epistemological discussions. Such work, however, 
has yet to make a really important point, and at any rate we must not 
draw attention away from what is an important point, namely the scien
tist's feeling of ad hocness about an hypothesis whether his own or not— 
for example, the distaste for the contraction hypothesis expressed by 
Einstein, Poincare, Michelson, and even Loren tz himself. To understand 
what almost any working scientist feels when he has to evaluate an 
hypothesis seems to be difficult for those who are not actually engaged 
in creative scientific work. Hence it will be useful to develop a field that 
can fairly be called the aesthetics of science. For these matters are still 
decided in practice on the basis on which Copernicus confessed, appar
ently so vaguely yet so correctly, to have made his decision against ac
cepting "the planetary theory of Ptolemy and most other astronomers, 
although consistent with the numerical data": one of his chief objections 
was that he found their sort of system not "sufficiently pleasing to the 
mind." This criterion of choice is familiar to every working scientist.^

The essential difference between the scientist's use of ad hoc and the 
logician's is that the former regards it largely as a matter of private 
science, or science-in-the-making (which may be designated by b \), 
whereas the latter regards it as a matter of public science (^2) - It would 
be wrong to think of and 2̂ as always sharply separated, but it is
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much more erroneous to overlook the deep distinctions between these 
two meanings of science. In the case at hand they refer to the differ
ences between two iegitimate but different uses of ad hoc that may be 
termed ad hoc A, and ad hoc -Sb. For a scientist engaged in original 
activity, his designation ad hoc (or its equivalent term) is an essentially 
aesthetic judgment which he makes within A, while he imagines, con
siders, introduces, or rejects an hypothesis. Ad hoc Ai, in this sense of 
an act of individual, initially private judgment by a scientist who may 
very well be deeply and not only rationally involved, differs funda
mentally from ad hoc A„ in the sense of a public statement with per
manent, more or less clear epistemological properties, one that has been 
published and has become part of science-as-an-institution.^*

There is no doubt that an hypothesis that is ad hoc Ai has logical 
properties; the point is that they are not ruling in the actual use of such 
hypotheses. The scientist who adopts somebody's hypothesis or creates 
his own for a specific purpose, "in order to account" for a bothersome 
result or feature of the theory, regards it as ad hoc—not necessarily in a 
derogatory sense— of its "logical" status. This helps to explain
the significance of the passionate and personal "unscientific" language 
generally used to describe such hypotheses, and incidentally points to 
gradations of aesthetic or "psychological" acceptability. Thus we have 
found in the scientific literature characterizations of the following kinds 
for acceptable ad hoc hypotheses: "not inconceivable," "reasonable," 
"plausible," "fundamental," "natural," "appealing," "elegant," "likely," 
"assumed a priori to get the desired results," "auxiliary" or "working 
hypothesis." On the other hand, when an ad hoc hypothesis in rejected, 
we see it described in the following way: "artificial," "complex," "con
trived," "implausible," "bothersome," "unreasonable," "improbable," 
"unlikely," "unnecessary," "ugly." Sometimes ad hoc itself is applied in 
the pejorative sense, and then it has such meanings. Or the individual's 
judgment is transferred to nature itself, as in the ancient motif which 
Newton phrased, "Nature is pleased with simplicity, and affects not the 
pomp of superfluous causes." (Note that in all these cases we do not 
consider now the quite separate question whether the hypothesis will 
later turn out to be "right" or "wrong.")

The derogatory characterizations evoke strong behavioral responses, 
which the author of an ad hoc hypothesis can sometimes foresee and try 
to ameliorate. Thus in 1892, in the French-language publication which
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Einstein said he read, Lorentz announced the contraction hypothesis 
with considerably hedged qualifications: "Now, some such changes in 
the arms of Michelson's first experiment, and in the dimensions of the 
slab in the second one, is so far as I can see, not inconceivable. . . . An 
influence of the order of h not awzf tAat it prgchgfy
wAaf wg And, in 1899, writing on the effect of motion on the
masses of charged particles, Lorentz said: "Such a hypothesis seems 
very startling at first sight. Nevertheless, we need not wholly reject it."

The language used when the contraction hypothesis was introduced 
will give us an important clue to some properties of ad hoc hypotheses 
which cannot be accommodated in an axiomatic treatment of the theory. 
Writing on 10 November 1894, Lorentz sent a letter to FitzGerald: "My 
dear Sir, In his AAgrrafioH ProA/<sm.f Prof. Oliver Lodge mentioned a 
hypothesis wAicA yoM Aa&g imagined in ordgr to account for the neg
ative result of Mr. Michelson's experiment."^ Similarly, when Lodge 
mentioned the idea of FitzGerald's in public on 27 May 1892 he said, 
"Professor FitzGerald has suggested a way oat o/ tAe df^cafty by sup
posing the size of bodies to be a function of their velocity through the 
e th e r ." i3 7

It is true that the contraction hypothesis, initially so welcome to 
ether theoreticians because it "explained" the Michelson result, later 
turned out to be unacceptable because it predicted an unsymmetrical 
change of dimensions for different inertial systems. But our attention 
should be fixed on the fact illustrated by these examples that the con
traction hypothesis wAca if wai made was clearly and quite blatantly 
ad hoc—or, if one prefers to use the patois of the laboratory, ingenious
ly "cooked up," for the narrow purpose which it was to serve. Indeed, 
in A. M. Bork's article^ there are two quotations from Lodge's later 
reminiscences which provide the plausible setting of a casual chat be
tween Lodge and FitzGerald during which the hypothesis seems to 
have been first discussed as a nice, wild idea among friends. It is pre
cisely from such situations that some of the finest advances develop— 
for example, the postulation of the spin of the electron by Goudsmit 
and U h l e n b e c k d s s  But in the case of this particular hypothesis, it al
ways retained a casual, improbable character, even when Lorentz tried 
to propose it independently in a somewhat different form, relying light
ly on an explanatory scheme based on the presumed analogy between 
molecular forces (whatever they may be) and electric and magnetic
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forces. I do not find it at ad surprising that FitzGerald himself seems 
to have been satisfied to iet others discuss the hypothesis, that Einstein 
and others called it ad hoc in a clearly derogatory sense, or that it has 
traditionally been called the very paradigm of an ad hoc hypothesis.

This working sense of "ad hoc" is not, to be sure, the only meaning 
of the phrase, but it is one which at this stage of the understanding of 
hypotheses is the important one for any historical analysis that claims 
to deal with the actual contribution to science by an individual person. 
And it is a sense that cannot be dismissed as "merely psychological" or 
"only psychological." Whether or not epistemological analysis can 
establish other, perhaps "largely unnoticed," senses for the phrase re
mains to be seen. C. G. Hempel has shown clearly that "there is, in fact, 
no precise criterion for ad hoc hypotheses.""" Then, too, the epistemo
logical distinctions between various meanings of ad hoc hypotheses seem 
to be more difficult than was once thought: the epistemologist Grun- 
baum's recent analysis that had confidently announced clear distinctions 
between "logically ad hoc" and "psychologically ad hoc" soon had to 
be withdrawn by its author, as the result of the demonstration by Hem- 
pel that there were serious inadequacies in the work."' One may hope 
for eventual progress, but one need not wait for it to show the opera
tive sense of ad hoc hypotheses that does exist among scientists. G. C. 
Gillispie has correctly said: "The special theory of relativity was rather 
a restriction upon science than an induction from positive phenomena. 
In his taste for 'inner perfection' in theory, Einstein answered to an 
aesthetic which logicians of science have not yet reduced to empirical 
terms, or to inter-subjective agreement."""

Some questions arise which we should deal with at another occasion 
at length and here at least cursorily. Are not all hypotheses ad hoc? 
The answer, in brief, is No. In the special example of the contraction 
hypothesis, there were alternatives of at least two kinds. One was to ex
plain the negative result of the Michelson experiment by showing that 
conclusions equivalent to the Lorentz-FitzGerald contraction could be 
derived from hypotheses or postulates that were Hot proposed specifical
ly in order to account for the phenomenon—for example, from Lo- 
rentz's transformation equations, although the latter may have initially 
been completely ad hoc witA report to tA îr own original pMrpojg of 
providing for the invariance of Maxwell's equations."" Indeed, when 
Lorentz proposed the transformation equations he had the sense of ad
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hocness with respect to their purpose; he therefore refused to acknowl
edge one of the possible consequences of the Lorentz transformation 
equations, namely a physical meaning of the concept Ortizeif that he 
felt had been invented for a narrower purpose. The other possibility 
was to derive a statement, whose import would be equivalent to the con
traction hypothesis, from statements that were even more distant from 
any specific worry about the Michelson experimental results—for ex
ample, from the two basic postulates in Einstein's relativity paper of 
1905. This was so simple to do that Einstein, as we saw, did not deign 
to go through the derivation in his 1905 paper and simply hinted that 
the reader could derive it for himself for all optical experiments.

TAg important Agrg L tAat "ad Ana" wot aw aA^olata Aat a
ralatwMtia term. Postulates 1 and 2 may be said to have been introduced 
ad hoc with respect to the relativity theory of 1905 as a whole; Einstein 
cites little support even for the TarnratMag [conjecture, suspicion] of 
postulate 1 and virtually nothing to support the TermatMag of postulate 
2. But these two principles were not ad hoc with respect to the Michel
son experiment, for they were not specifically "imagined in order to 
account" for its result.

Thus a statement may be ad hoc relative to one context but not ad hoc 
relative to another. The relativity of ad hocness in this sense is beauti
fully illustrated by another episode from the history of the FitzGerald 
proposal itself. As S. G. Brush has shown,FitzGerald did intend to 
publish his contraction hypothesis in a letter to the journal S C IE N C E  in 
1889, but he never saw a printed copy and thought it had not appeared 
because the journal stopped publishing at about that time. This initial 
proposal was entirely ad hoc with respect to the ether drift experiment:

I would suggest that almost the only hypothesis that can reconcile this op
position [between the Michelson experiment and the Fresnel ether] is that the 
length of material bodies changes, according as they are moving through the 
ether or across it, by an amount depending on the square of the ratio of their 
velocities to that of lightd**"

To add plausibility, he referred to the "not improbable supposition 
that the molecular forces are affected by the motion, and that the size 
of a body alters consequently." Rather like Lorentz, FitzGerald based 
himself here on the qualitative analogy: "We know that electric forces 
are affected by the motions of the electrified bodies relative to the

ON RELATIVITY THEORY

330



ether." Later, however, FitzGerald did not seem to regard his proposal 
any longer as an ad hoc hypothesis, and his reply to Lorentz on 14 No
vember 1894 emphasizes the distinction from the view Lorentz expressed 
in his own first letter. FitzGerald wrote, "My dear Sir, I have been 
preaching and lecturing on the doctrine that Michelson's experiment 
proves, and is one of the only ways of proving, that the length of a body 
depends on how it is moving through the ether. . . . Now that I hear 
you as an advocate and authority I shall begin to jeer at others for 
holding any other view." What FitzGerald had published in 1889 rather 
modestly as "almost the only hypothesis that can reconcile this opposi
tion," supported by "a not improbable supposition"—a useful idea, as 
Lorentz's work showed when he used his own very similar one—had 
become in 1894 a "doctrine" for FitzGerald, "proved" by the Michel- 
son experiment, and in that context no longer ad hoc. Hence we see 
"ad hoc" to be a concept that is relativistic in more senses than we 
may have thought: relativistic for one person with respect to time ad 
hoc for FitzGerald in 1899 but not in 1894), and relativistic for differ
ent persons at the same time (ad hoc for Lorentz in 1894 but not for 
FitzGerald in 1894).

How is one to decide whether an hypothesis is ad hoc or not? And, 
moreover, whether it is repulsively ad hoc or acceptably so? It is here 
that we connect with Einstein's criterion of the "inner perfection" of 
the theory. The criterion is the feeling for the "naturalness" or "logical 
simplicity" of the premises. And we recall again that Einstein makes im
mediately two points: one is that this point of view "has played an im
portant role in the selection and evaluation of theories since time im
memorial," and secondly that "an exact formulation of [it] meets with 
great difficulties," because "the problem here is not simply one of a kind 
of enumeration of the logically independent premises (if anything like 
this were at all unequivocally possible), but that of a kind of reciprocal 
weighing of incommensurable qualities.

As in the pursuit of other aspects of science itself, one's best guide to 
a decision about the ad hocness of an hypothesis is not logical analysis 
alone. Here, for better or worse, Einstein's dictum applies: "There is 
of course no logical way leading to the establishment of a theory, but 
only groping constructive attempts. . . Nor is the scientist likely to be 
much helped by a criterion such as Karl Popper's: "As regards aMxiitary 

we decide to lay down the rule that only those are acceptable
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whose introduction does not diminish the degree of falsifiability or testa
bility of the system in question, but, on the contrary, increases it."^  
Rather, what is required is a feeling for the state of affairs, a Fmger- 
jpzLzgwgg/MAf, which not only distinguishes the quality of insight of dif
ferent scientists but also forces them to take often quite different views 
on the same hypothesis. I use the dangerous word "feeling" deliberately, 
because it indicates accurately the difEcult-to-define locus where judg
ments of the scientific relevance of hypotheses are made. Thus Max 
Wertheimer recorded Einstein's feelings about Lorentz's contraction hy
pothesis: "He felt the auxiliary hypothesis to be an hypothesis ad hoc, 
which did not go to the heart of the matter. . . .  He felt the trouble went 
deeper than the contradiction between Michelson's actual and the ex
pected results.

A chief difficulty with the more abstract discussions of the matter 
which I have seen so far is that in some cases this essential Fz'wggrjpzfzgH- 
ge/MAf is lacking. In the absence of a firsthand feeling for scientific 
taste, historical or philosophical scholarship, particularly that directed 
to a case at the very front of a major scientific advance, is endangered 
because it is likely to be uninterested in or impotent before the personal 
dimension, the private (<?i) aspect of science, the essential judgment 
whether or not some approach does "go to the heart of the matter." 
So-called philosophical mastery must be supplemented by an under
standing of matters of scientific taste and feeling. Otherwise it may be 
brought to bear on an empty case, or worse, one that exists only as a 
visible model constructed to reflect the maker's own hidden theory of 
science. It can lead such a person to scold an Einstein for not having 
behaved like an obedient student in the classroom of a logician, for not 
having used the "right" terminology, and for not having shouldered an 
"obligation" to his philosophical masters.^ It may also lead him to 
overlook the usefulness of the (partial) definition of an ad hoc hypo
thesis implied in Newton's exceedingly liberal and permissive Fourth 
Rule of Reasoning: that an hypothesis is to be accepted as "accurately 
or very nearly true, notwithstanding any contrary hypotheses that may 
be imagined," until we have additional evidence by which the hypo
theses may be revised or made more accurate.^"

I suspect that the task of the epistemologist is made difficult because 
the very nature of his work is different from the necessarily more lax 
epistemological attitude of the working scientist. Einstein warned of
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this in a famous passage in the Remark which we have cited, where he 
compares the attitudes of the practitioners of the disciplines and notes 
that the scientist cannot let himself be "restricted in the construction of 
his conceptual world by the adherence to an epistemological system."*  ̂
Hans Reichenbach wiseiy recognized the danger when he wrote in the 
same volume a passage we have already touched on:

The physicist who is looking for new discoveries must not be too critical; in 
the initial stages he is dependent on guessing, and he will find his way only 
if he is carried along by a certain faith which serves as a directive for his 
guesses. When I, on a certain occasion, asked Professor Einstein how he found 
his theory of relativity, he answered that he found it because he was so strongly 
convinced of the harmony of the universe. No doubt his theory supplies a most 
successful demonstration of the usefulness of such a conviction. But a creed 
is not a philosophy; it carries this name only in the popular interpretation
of the term.152

Returning from this general overview of aspects of the status of ad 
hoc hypotheses, we can now refine and summarize our assessment of the 
probable role of the Michelson experiment in Einstein's work leading 
to the 1905 paper. In reading Lorentz's book of 1895, Einstein will 
have found that the experiment was not thought to be the crucial event 
upon which a new physics must be built: it was only one of several 
second-order experiments that at the time could be explained only by 
invoking yet another unhappy ad hoc hypothesis to add to all the 
others on which current theory was built. Lorentz himself explicitly 
called the contraction hypothesis a and later felt com
pelled to make an (essentially vain) attempt to explain the Michelson 
result with more appealing assumptions. Einstein characterized the con
traction hypothesis as unsatisfactory on several occasions after 1905. 
Michelson agreed ("such an hypothesis seems rather artificial"^). So 
did Poincare. So did others who had to face whether or not to work 
with it. And that is what counts in the characterization of ad hocness.

We conclude that the chief lesson of the Michelson experiment for 
Einstein was a secondary one: that the then-current contraction ex
planation of the result of the experiment, by what he felt to be its un
appealing ad hoc character, compromised further the ether-committed 
theory of electrodynamics which Einstein already knew for many other, 
also largely aesthetic, reasons to be inadequate. The problem Einstein 
saw was not the logical status of the contraction hypothesis, not Michel-
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son's experimental result itself (for it rccdd be accommodated, even if 
not odwe MTdergi), but the inability of Lorentz's theory to fulfill the 
criterion of "inner perfection" of a theory.

I have elsewhere drawn attention to the distinctions Einstein made 
between "constructive theories" and "theories of principle."^* Theories 
of the latter type, such as the relativity theory and thermodynamics, 
start with "empirically observed general properties of phenomena." The 
accent is not on any one property or phenomenon but on a creative di
gest or synthesis of dze ggjammtgM Er/aArMHgjtatMcAeH, the totality of 
physical experience in a held. It is thus an unhappy caricature to think 
that any one experiment would be a chief reason for restructuring all of 
electrodynamics.

This completes our examination of the evidence during the earlier 
period of Einstein's work. We now turn to the later period, from the 
1920's into the 1950's.

/A . /ndhect hJuideMcg.' d /fcr 7905

First we return briefly to Shankland's interviews to calibrate an end
point in the long development of Einstein's attitude toward experimen
tation in general. Thus, Shankland asked Einstein in 1952 about J. L. 
Synge's recently published approach to relativity which predicted a small 
positive effect in a Michelson-type experiment. "Einstein stated strongly 
that he felt Synge's approach could have no significance. He felt that 
even if Synge devised an experiment and /oMwd a re.ndf, this
would be completely irrelevant. . . . [Later] he again said that more ex
periments were not necessary, and results such as Synge might find would 
be 'irrelevant.' He told me not to do any experiments of this kind."^^

This attitude was characteristic not only at the endpoint. In reading 
through the documents in the Einstein Archive one finds abundant evi
dence from the earliest period on that Einstein felt there was a necessity 
for order in natural law, the perception of which, once he had obtained 
it even on the basis of the hints furnished by a few chosen experimental 
facts, allowed him to judge the significance of further experiments. Ein
stein's responses to the result of D. G. Miller's repetition of the Michel- 
son-Morley experiment is rather typical.

On Christmas Day, 1925, Einstein received a cable from a newspaper 
service in the United States: "President Miller, American Physical So
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ciety, announces the discovery of aether drift. Says 'my work annuls 
second postulate Einstein theory.' Please cable collect 200-word opinion, 
press rates. . . ." Apparently he gave no answer, but on the same day 
Einstein wrote to his oldest friend, Michele Besso, "I think that the 
Miller experiments rest on an error in temperature. I have not taken 
them seriously for a minute." Again, on 14 March 1926, in a letter to 
A. Piccard, Einstein wrote, "I believe that in the case of Miller, the 
whole spook is caused by temperature influences (air) As it turned 
out, Einstein's intuitive response was right. In fact it was Shankland and 
his colleagues?"? who found in a painstaking and beautiful analysis of 
Miller's data that the "ether-drift" differences at different altitudes 
which Miller had reported "were in fact due to the greatly differing 
temperature conditions in the basement laboratory at Case and at Mt.
Wilson."?"??

We now come to a very significant document that needs to be under
stood in its setting: the speech given early in 1931 by Einstein on his 
visit to Pasadena, California, when he came for the first and last time 
face to face with Michelson. The occasion must have been moving. 
Michelson, twenty-seven years his senior, was much beloved by Ein
stein from a distance, as we have noted. Einstein told Shankland he 
particularly appreciated "Michelson's artistic sense and approach to 
science, especially his feeling for symmetry and form. Einstein smiled 
with pleasure as he recalled Michelson's artistic nature—here there was 
a kindred bond."?"??

But Michelson was well known to be no friend of relativity, the de
stroyer of the ether. Like so many, he was convinced that his own ill- 
fated experiments were the basis for the theory, and he explained the 
route in a talk given in 1927: the Michelson experiment had led 
Lorentz to propose the transformations, and "these contained the gist 
of the whole relativity theory.""?" Einstein reminisced later, "He told 
me more than once that he did not like the theories that had followed 
from his work,""?? and he said he was a little sorry that his own work 
started this "monster.""?" Michelson was now seventy-nine years old, 
weak after a serious stroke that had first forced him to his sickbed two 
years earlier. The picture taken on that occasion shows the frail old 
man, standing next to Einstein, with his usual erect dignity on this last 
public appearance, but he was marked for the death that came three 
months later.
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Among others present at a grand dinner in the new Athenaeum on 
15 January 1931^3 were the physicists and astronomers G. E. St. John, 
W. W. Campbell, R .  A. Miliikan, W. S. Adams, R .  C. Tolman, G. E. 
Hale, and E. P .  Hubble, as well as Mrs. Einstein and two hundred 
members of the California Institute Associates. Millikan set the stage 
with his opinion concerning the characteristic features of modem scien
tific thought (it takes, "as its starting point, well-authenticated, care
fully tested experimental facts, no matter whether these facts seem to fit 
into any general philosophical theme. . . .  In a word, modern science is 
essentially empirical, and no one has done more to make it so than the 
theoretical physicist, Albert Einstein"). It is, in fact, largely the same 
material Millikan republished eighteen years later as part of the intro
duction to the Einstein issue of the R E V IE W S  O F  M O D E R N  P H Y S IC S . But 
to the sentence "Thus was born the special theory of relativity" Millikan 
in 1931 added, "I now wish to introduce the man who laid its experi
mental foundations, Professor Albert A. Michelson----"

Michelson kept his short response in the channel laid out by Millikan:

I consider it particularly fortunate for myself to be able to express to Dr. 
Einstein my appreciation of the honor and distinction he has conferred upon 
me for the result which he so generously attributes to the experiments made 
half a century ago in connection with Professor Morley, and which he is so 
generous as to acknowledge as being a contribution on the experimental side 
which led to his famous theory of relativity.

Einstein had not yet responded. Millikan next called on Campbell, 
representing the splendid group of experimental astronomers present, 
saying, "I am herewith assigning him the task of sketching the develop
ment of the experimental credentials of the general theory of relativity." 
Campbell recounted the success of the three chief tests, in which the 
California astronomers had played leading roles.

Millikan then started to introduce Einstein, but prefaced it with a 
last reinforcement of the philosophical message that had been building 
up, this time by referring to Millikan's own "experimental verification 
of predictions" contained in the early papers of Einstein. Seen from his 
perspective, his evaluation of Einstein's paper on the quantization of 
light energy (1905) was not surprising: "The extraordinary penetration 
and boldness which Einstein showed in 1905 in accepting a new group 
of experimental facts and following them to what seemed to him to be
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their inevitable consequences, whether they were reasonable or not as 
gauged by the conceptions prevalent at the time, has never been more 
strikingly demonstrated."

At last, the stage and the expectations were fully set for Einstein's 
response. What happened next—or rather, what is supposed to have 
happened—is widely known from the account given in Jaffe's biography 
of Michelson:

Einstein made a little speech. Seated near him were Michelson, Millikan, 
Hale, and other eminent men of science. "1 have come among men," began 
Einstein, "who for many years have been true comrades with me in my la
bors." Then, turning to the measurer of light, he continued, "You, my hon
ored Dr. Michelson, began with this work when I was only a little youngster, 
hardly three feet high. It was you who led the physicists into new paths, and 
through your marvelous experimental work paved the way for the develop
ment of the Theory of Relativity. You uncovered an insidious defect in the 
ether theory of light, as it then existed, and stimulated the ideas of H. A. 
Lorentz and FitzGerald, out of which the Special Theory of Relativity de
veloped. Without your work this theory would today be scarcely more than 
an interesting speculation; it was your verifications which first set the theory 
on a real basis."

Michelson was deeply moved. There could be no higher praise for any 
man.is*

It is the kind of response for which the developing occasion had pre
pared, and Jaffe gives a natural and clear-cut evaluation of the problem 
of a possible genetic connection between Michelson's experiment and 
Einstein's work, one entirely in accord with all the textbook versions we 
cited earlier: "In 1931, just before the death of Michelson, Einstein 
publicly attributed his theory to the experiment of Miche!son.""s

However, reading Jaffe's passage carefully, we need not go so far. 
Michelson's "stimulating the ideas" of Lorentz and FitzGerald out of 
which in turn the special theory of relativity "developed" is not a sce
nario in contradiction with the likely chain of events discussed above: 
the then-current Lorentz-FitzGerald contraction explanation of the 
Michelson experiment, as found in the two works of Lorentz (of 1892 
and 1895) which we know Einstein had read, by its unappealing ad hoc 
character compromised further the ether-committed theory of electro
dynamics which Einstein already knew for many other reasons to be 
inadequate. What is missing from Einstein's short response was, to be

EINSTEIN, MICHELSON, AND THE "CRUCIAL" EXPERIMENT

337



sure, an elaboration of inputs other than those he was here mentioning; 
but this clearly was not the occasion to do it.

It is more difficult for us to match the last sentence given above to 
the ideas we have been deveioping. As is true for similar remarks at 
other times, perhaps these too referred to the public acceptance of 
relativity rather than to Einstein's own developing thoughts leading to 
his 1905 paper. But the remarks "without your work ... . it was your 
verifications . . ." more likely would be a personal acknowledgment to 
Michelson, a public attribution of the kind that Jaffe clearly saw in it. 
And in that case, as Kepler put it half-way through the AsTRONOMiA 

NOVA, "our hypothesis goes up in smoke."
But it turns out that Jaffe's widely read version of Einstein's talk has 

fallen into the trap of preconceptions that had unwittingly been set up 
for Einstein. A heading, a little sentence, and a long ending from Ein
stein's talk were omitted by Jaffe, and they make a lot of difference. The 
text of Einstein's talk, in the original German, was published in 1949^ 
together with the rather inadequate English translation used in the 
SCIENCE account and, with omissions, in Jaffe's book. The talk starts with 
"Liebe Freunde!"—it is, of course, addressed to the whole company, 
among whom there were so many whose scientific lives were closely 
linked to Einstein's. And just between the last two sentences quoted by 
Jaffe, we find a sentence omitted from his passage that switches the 
discussion away from Michelson and special relativity toward the as
sembled astronomers and general relativity. The correct passage reads: 
"You uncovered an insidious defect in the ether theory of light, as it 
then existed, and stimulated the ideas of H. A. Lorentz and FitzGerald, 
out of which the special theory of relativity developed. TAgig in turn 
?gd tAg way to fAg ggngraf tAgory o/ rgAttioity, and to tAg tAgory ô  
gravitation. Without your work this theory would today be scarcely 
more than an interesting speculation; it was your verifications which 
first set the theory on a real basis" (italics supplied). Then follows im
mediately an acknowledgment of each of the experimental contribu
tions that had "set the [general] theory on a real basis": those by Camp
bell, St. John, Adams, and Hubbled"^

What remains is still a fine compliment to Michelson. Yet even stand
ing before him, and under the accumulated pressures of the dramatic 
affair, Einstein agreed neither with Millikan's nor with Michelson's ver
sion of the genetic connection (nor, of course, with Jaffe's). He did not
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avai! himself of the occasion to say straight out what everyone seemed 
to have come to hear him say: "Micheison's is the crucial experiment 
that was the basis for my own work." Rather he seemed to see Michelson 
as one of the figures on the continuous, long way leading to relativity 
theory. For even white working on the theory in the spring of 1905, 
Einstein ctaimed that he saw his work not as a viotent break with the 
past, but more modestly, as a continuation and improvement of existing 
trendsd"s

As to the unfortunate omission of the sentence in Jaffe's book, one 
knows such things happen, and at the most awkward moment. The sig
nificance ties in this: mistakes of this sort favor the prepared mind. And 
worse, through no fault of Jaffe's, his evaluation has been repeatedly 
republished by others who, apparently without a scholarly examination 
of the available original text, found comfort in his evaluation for their 
purpose of forging a tight genetic link from Michelson to Einstein.

The next document to be examined was published after Einstein's 
return from Pasadena. It is a summary, in third person, of Einstein's 
remarks, presented on 17 July 1931, to the Physikalische Gesellschaft of 
Berlin, in memory of Michelson who had died on 9 May, 1931. Once 
more, the chance offered itself to Einstein to say what all textbooks had 
long been saying, and to do so under the most natural circumstances. 
But, as at Pasadena, this did not happen. Einstein is reported to have 
said (without direct attribution) that Micheison's greatest idea "was 
the invention of his famous interference apparatus, which came to be 
of greater significance both for relativity theory as well as for the obser
vation of spectral lines," and "this negative result [of the Michelson ex
periment] greatly advanced the belief in the validity of the general rel
ativity theory."*^ The last phrase casts some doubt on the accuracy of 
the report, since the Michelson experiment could be interpreted by the 
special rather than the general theory. But even in this form the report 
is most consistent with Einstein's earlier statements pointing out the 
usefulness of the experiment in convincing other physicists of the value 
of relativity theory.

There ensued a lull for some years during which the question of a 
possible debt to Michelson was apparently not raised. Then, in a letter 
of reply on 17 March 1942 to Jaffe, Einstein again had to make a state
ment on the matter. It has most of the characteristics of the replies to 
Shankland eight to twelve years later, that is, the influence would have
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been to strengthen a previously obtained conviction and to remove 
doubts (on the part of others?):

It is no doubt that Michelson's experiment was of considerable influence upon 
my work insofar as it strengthened my conviction concerning the validity of 
the principle of the special theory of relativity. On the other side, I was pretty 
much convinced of the validity of the principle before I did know this ex
periment and its results. In any case, Michelson's experiment removed prac
tically any doubt about the validity of the principle in optics and showed that 
a profound change of the basic concepts of physics was inevitable.*?"

In 1946 Einstein wrote at Schilpp's request the
from which we have already quoted all sections relevant to the 

question before us. It has often been remarked, particularly by those who 
believe in the "missing link," that they found it "frustrating" that even 
on that occasion Einstein did not provide what they so desired. But he 
mentioned neither the name nor the experiment.

From 1950 on, for the remaining five years of Einstein's life, the ques
tion somehow began to be asked much more frequently than ever before. 
The various requests fall during the period of Shankland's interviews, 
which we have already mined, and the answers overlap on the whole 
quite consistently with them.

On 8 July 1953 Einstein was interviewed by the physicist N. L. Balazs, 
whose account was then published by Michael Polanyi in 1958. Balazs 
reported:

. . . The Michelson-Morley experiment had no role in the foundation of the 
theory. He got acquainted with it while reading Lorentz's paper about the 
theory of this experiment (he of course does not remember exactly when, 
though prior to his papers), but it had no further influence on Einstein's con
siderations and the theory of relativity was not founded to explain its outcome 
at all.*?*

Polanyi, a prominent physical chemist and long-term acquaintance of 
Einstein's, also published a second statement, "approved for publication 
by Einstein early in 1954": "The Michelson-Morley experiment had a 
negligible effect on the discovery of relativity."*?"

At about the same time the pious duty fell on Einstein to acknowledge 
a debt to one of his foremost heroes and mentors. This was done in the 
short essay # . T. Torewlz air und ali Pgrjonh'cMe:!, dated 27
February 1953 and composed for delivery at Leyden that year during
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the commemoration of the centenary of Lorentz's birth. After a fine 
tribute to Lorentz's leadership and eminence in physics at the turn of 
the century, Einstein gives a (partial) list of chief hypotheses on which 
Lorentz had based his reconstruction of electrodynamics, adding, "It is 
a work of such consistency, lucidity, and beauty as has only rarely been 
attained in an empirical science."

But this empirically based, constructive theory has its limits, and, in 
describing them, Einstein points out two quite different features of elec
trodynamics around the turn of the century which, he implies, set the 
stage for Einsteinian relativity theory. One of these is primarily aes
thetic:

To him [Lorentz], Maxwell's equations in empty space heid only for a 
particular coordinate system distinguished from all other coordinate systems 
by its state of rest. This was a truly paradoxical situation because the theory 
seemed to restrict the inertial system more strongly than did classical me
chanics. This circumstance, which from the empirical point of view appeared 
completely unmotivated, was bound to lead to the theory of special rela
tivity.^

This remark is entirely consistent with the long tradition that the pri
mary impetus for Einstein was the essential requirement of finding 
symmetry and universality in the operations of nature.

The other problem with Lorentz's theory to which Einstein draws 
attention in the essay concerns the experimental side: the inability of 
the theory to encompass all the relevant phenomena in an elegant man
ner. In the half-paragraph devoted to this failure, Einstein sketches a 
severely abbreviated version of the state of affairs around the turn of 
the century, far less adequate than Lorentz's own confession. Instead of 
listing all the awkward experiments treated in Lorentz's VERSUCH of 
1895 or the larger number available by 1905, Einstein mentions only the 
one for which Lorentz, with FitzGerald, had fashioned the famous sav
ing hypothesis of contraction, namely the Michelson experiment; and 
then Einstein adds two more sentences, more obscure than most others 
we have now read on this topic and seemingly more at variance with 
them:

The only phenomenon whose explanation in this manner did not succeed 
fully—that is without additional assumptions—was the famous Michelson- 
Morley experiment. That this experiment led (or brought, or guided; Am/%Arte]
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to the special relativity theory would have been inconceivabie without the 
localization of the electromagnetic field in empty space. Indeed, the essential 
step was in any case the tracing back [of the phenomenon?] to Maxwell's equa
tions in empty space or—as one called it then—in the aether.*?*

The middle sentence is, of course, of particular interest to us here, 
but its doubly negative and rather obscure construction gives us no war
rant to change it to some other statement such as "The experiment led 
me to the special relativity theory." During nearly fifty years of respond
ing on this question, Einstein had shown no hesitation to use the first 
person singular when he wished to; whenever he did so, he coupled 
the reminiscence of his own progress and the experiment by saying at 
most, as in the reply to Jaffe in 1942, the experiment "was of consider
able influence upon my work insofar as it strengthened my conviction 
concerning the validity of the principle of the special theory of rela
tivity."

It seems to me closest to Einstein's intention that in the passage for 
Lorentz's memorial celebration he wanted to provide a brief indication 
of an experimental counterpart to the aesthetic-theoretical guidelines 
we noted a little earlier, and that he hit upon the most frequently used 
experimental illustration for the purpose of all didactic expositions (in
cluding Einstein's own*? )̂. We learned earlier that when Einstein wrote 
in the passive voice in answering questions or obligations, he spoke of the 
importance the Michelson experiment had for the further development 
and acceptance of the theory by ofA<?r physicists. When he mentioned 
the influence of the experiment on himself explicitly and in first person, 
he said the effect was "negligible," "indirect," "rather indirect," "not 
decisive," or at most "considerable" in the limited sense of the reply to 
Jaffe. We have, therefore, learned to distinguish between Einstein's 
evaluations of the effects on public science and on private science.

These considerations lead directly to the last document in this case, 
the last of the replies of Einstein, given about a year before his death. On 
2 February 1954, F. G. Davenport of the Department of History of Mon
mouth College, Illinois, wrote to Einstein that in connection with a 
study on "Scientific Interests in Illinois 1865-1900" he was looking into 
evidence that Michelson had "influenced your thinking and perhaps 
helped you to work out your theory of relativity." Not being a scientist, 
he asked for "a brief statement in non-technical terms, indicating how 
Michelson helped to pave the way, if he did, for your theory."
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In a hitherto unpublished letter,^" Einstein answered very soon after 
receipt, on 9 February 1954. Perhaps having benefited from the repeated 
questions during the previous few years and by having pondered again 
over his answers, he now seemed very willing to respond in detail to a 
stranger and to offer the letter for publication, as well as to invite con
tinued correspondence. It is a thoughtfully composed reply which we 
can let stand by itself as the summation of what we have learned from 
other documents—including the need to differentiate sharply between 
the effect of the experiment on the development of physics and its effect 
on the development of Einstein's own thought, between the beauty of the 
immortal experiment and its subsidiary place in theory, between the 
statements a scientist may make in direct response to repeated questions 
and the statements he volunteers (in the latter case Einstein preferred 
not to speak about specific experiments except Fizcau's and the aberra
tion experiments), and between the large interest the whole question has 
held for many people and the small interest it seemed to have held for 
Einstein.

Dear Mr. Davenport:
Before Michelson's work it was already known that within the limits of 

the precision of the experiments there was no influence of the state of motion 
of the coordinating system on the phenomena, resp. their laws. H. A. Lorentz 
has shown that this can be understood on the basis of his formulation of 
Maxwell's theory for all cases where the second power of the velocity of the 
system could be neglected (effects of the first order).

According to the status of the theory, it was, however, natural to expect 
that this independence would not hold for effects of second and higher or
ders. To have shown that such expected effect of the second order was de 
facto absent in one decisive case was Michelson's greatest merit. This work 
of Michelson, equally great through the bold and clear formulation of the 
problem as through the ingenious way by which he reached the very great 
required precision of measurement, is his immortal contribution to scientific 
knowledge. This contribution was a new strong argument for the non-existence 
of "absolute motion," resp. the principle of special relativity which, since 
Newton, was never doubted in Mechanics but incompatible with elec
tro-dynamics.

In my own development Michelson's result has not had a considerable in
fluence. I even do not remember if I knew of it at all when I wrote my first 
paper on the subject (1905). The explanation is that I was, for general reas
ons, firmly convinced how this could be reconciled with our knowledge of
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electro-dynamics. One can therefore understand why in my personal struggle 
Michelson's experiment played no role or at least no decisive role.

You have my permission to quote this letter. I am also willing to give you 
further explanations if required.

Sincerely yours,
A L B E R T  EtN ST E IN

But if he truly felt this way, why did Einstein not make any voluntary 
statements to stop the myth he must have seen spreading all around 
him? Many opportunities offered themselves. Why did he wait for inter
rogators such as Jaffe, Balazs, Shankland, Polanyi, and Davenport to 
raise the issue before denying what almost everyone else seemed to be 
affirming? The answer, of course, can be found in Einstein's general 
pattern of response. It would have been most uncharacteristic for Ein
stein to take pen in hand to attack a myth of this kind. Even on the 
purely scientific issues he only very rarely published a correction of (not 
to speak of an attack on) the many erroneous interpretations of his work, 
and it is even less conceivable that he would, of his own will, publish 
anything that would seem to increase the degree of originality of his own 
work or imply a diminished status of another scientist. It is also relevant 
that he tolerated even the most vicious printed attacks on his work and 
person by Nazi scientists (and nonscientists) with astonishing humor.

In  fact, from the point of view of the historian, Einstein's character

istic fault was to be too tolerant. A notable episode will illustrate the 

point. W hen Sir Edm und W hittaker was composing his second volume 

(1953) of A HISTORY O F  T H E  THEORIES O F  AETHER A ND ELECTRICITY,*?? 

in which he explicitly ascribes the chief original work on special relativity 

to Lorentz and Poincare, Einstein's old friend M ax Bom, then in  Edin

burgh, saw W hittaker's m anuscript. H aving seen the rise of relativity 

practically from its beginning, Born was astonished and somewhat angry 

about this misleading version. H e wrote to Einstein in  dismay th a t W hit

taker had  persisted in the plan  to publish his version despite the contrary 

evidence which Bom  had submitted (including translations from  the 

Germ an originals of some relevant articles he had  prepared for W hit

taker) . Though Einstein was probably somewhat wounded, he wrote on 

12 October 1953 to reassure Bom :

Don't give any thought to your friend's book. Everyone behaves as seems to 
him right, or, expressed in deterministic language, as he has to. If he convinces 
others, that's their problem. At any rate, I found satisfaction in my efforts,
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and I don't think it is sensible business to defend my few results as "property," 
like an oid miser who has laboriously gathered a few coins for himself. I don't 
think ill of him.... And I don't have to read the thingA?s

AT. ConcfMtftMg RgmarAi

Historians are quite used to the iarge discrepancy we find here be
tween documentable history of science on the one hand and, on the 
other, the popular history found in texts and in the writings of eminent 
scientists and some philosophical analysts. Putting together all extant 
first-hand documents, including the 1905 paper, the Shankland inter
views, the Notgj, and the letters, we see they fit to
gether and tell a story for which the secondary sources had not prepared 
us. It is a scenario of which we cannot, in the nature of the case, be 
absolutely certain, but one which is highly probable. Indeed, the role of 
the Michelson experiment in the genesis of Einstein's theory appears to 
have been so small and indirect that one may speculate that it would 
have made no difference to Einstein's work if the experiment had never 
been made at all. To be sure, the public acceptance of the theory might 
well have been delayed, but through his reading in Lorentz's works Ein
stein in 1905 had available enough other "unsuccessful attempts to dis
cover any motion of the earth relatively to the 'light medium,'" and 
enough other evidences of what Lorentz himself called a "clumsiness" 
in the then-current theory.

This special case may yield some more widely applicable conclusions. 
Above all, it forces us to ask anew what are the most appropriate styles 
and functions of historical scholarship today. On this point, Einstein's 
own opinion is illuminating. Shankland had asked Einstein during their 
first conversation in 1950 whether "he felt that writing out the history 
of the Michelson-Morley experiment would be worthwhile":

He said, "Yes, by all means, but you must write it as Mach wrote his S c tE N C E  

O F M E C H A N IC S ."  Then he gave me his ideas on historical writing of science. 
"Nearly all historians of science are philologists and do not comprehend what 
physicists were aiming at, how they thought and wrestled with their problems. 
Even most of the work on Galileo is poorly done." A means of writing must 
be found which conveys the thought processes that lead to discoveries. Physi
cists have been of little help in this, because most of them have no "historical 
sense." Mach's S C IE N C E  OF M E C H A N IC S , however, he considered one of the 
truly great books and a model for scientific historical writing. He said, "Mach
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did not know the real facts of how the early workers considered their prob
lems," but Einstein felt that Mach had sufficient insight so that what he said 
is very likeiy correct anyway. The struggle with their probiems, their trying 
everything to find a solution which came at last often by very indirect means, 
is the correct pictured

In discussing the approach of "neariy aii historians" (perhaps some
what too brusquely) Einstein accentuates the need to deal with the 
private phase of scientific effort—how a man thinks and wrestles with a 
problem. In discussing the physicists themselves (perhaps also too brus
quely) Einstein accentuates the need for a particular kind of historical 
sense, one that largely intuits how a scientist may have proceeded, even 
in the absence of "the real facts" about the creative phase. It is a chal
lenging statement, a recommendation to adopt for research in the history 
of science a lesson Einstein had learned from his research in physics: 
jtiif a.! in doing pAyncy itjgf/, Einstein here advises the historian of sci
ence to leap across the unavoidable gap between the necessarily too 
limited "facts" and the mental construct that must be formed to handle 
the facts. And in such an historical study, <M in pAyncj ifjgi/, the solution 
comes often "by very indirect means"; the best outcome that can be 
hoped for is not certainty but only a good probability of being "correct 
anyway."

One can well agree with this call for new ways of writing about the 
thought processes that lead to major discoveries, without having to agree 
at this late date with the particular model of Mach's S C IE N C E  O F  M E 

C H A N IC S . The most obvious difficulty with following Einstein's advice is 
of course the unspecifiability of "sufficient insight." Another is that any 
study of the processes of discovery—that evanescent, partly unconscious, 
unobserved, unverbalized activity—is by definition going to yield a re
port with apparently vague and contradictory elements. Yet another is 
that the invitation to leap courageously may cause the historian to slight 
even some of the most pertinent and easily available documents. And a 
fourth trouble is that there are some problems which now seem largely 
unsolvable by any method and may remain so for a long time: the 
problem of genius, of reasons for thematic and aesthetic choices, of in
teraction between private and public science, not to speak of the prob
lem of induction.

Ernst Mach himself would perhaps have objected to Einstein's char
acterization of his work on the history of science, laudatory though it
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was intended to be. But Einstein was right nevertheless in ascribing to 
Mach, and recommending to others, an unconventional method, despite 
the difhcuities and dangers it may pose. For in this way one can at least 
hope to penetrate beyond the more pedestrian or trivial aspects on an 
historic case of such magnitude, to recognize more fully the feat of intel
lectual daring and superb taste that was needed to create the theory.

Of course, experiments are essential for the progress of science. Of 
course, the chain from a puzzling new experiment to a theoretical scheme 
that explains it is the more usual process, particularly in the everyday— 
as Einstein later acknowledged by referring to three specific examples— 
accomplishments of most scientists. Of course, experiments did influence 
his developing thought processes while he was struggling with the prob
lem of understanding electrodynamics in a new way, to get at the "heart 
of the matter." Of course, Michelson's experiment played an (indirect) 
role in this, if only because Einstein found Lorentz's theory of electro
dynamics to be inadequate precisely because "it was leading to an inter
pretation of the result of the Michelson-Morley experiment which 
seemed to me artificial," as Einstein wrote in the Michelson centenary 
message, or as too patently "ad hoc," as he wrote on other occasions.

Yet, the experimenticist fallacy of imposing a logical sequence must be 
resisted. Not only is it false to the actual historic development of thought 
processes that may have led to major scientific discoveries; not only 
might the doctrine inhibit creative work in science if it were taken too 
seriously; but also, by drawing attention primarily to the externally visi
ble clay that provides factual support and operational usefulness for the 
developed theory, it does not do adequate justice to the full grandeur of 
the theory. Nor need we be deterred by the experimenticist's predictable 
outcry that we have a choice only between his own view at one extreme 
and private intuition at the other. The basic achievement of Einstein's 
theory was not to preserve hallowed traditional conceptions or mechan
isms; it was not to produce a logically and tightly structured sequence 
of thoughts; it was not to build on a beautiful and pedagogically per
suasive experiment. Rather, the basic achievement of the theory was 
that at the cost of sacrificing all these, it gave us a new unity in the 
understanding of nature.
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that Einstein's theory gives an explanation of Michelson's experiment, since it 
does not do so. Michelson's experiment is simply taken over as an axiom" (p. 
201). The same point is echoed by Adolf Griinbaum, who writes, "far from 
explaining the outcome of the Michelson-Morley experiment as a consequence 
of more fundamental principles, Einstein incorporated its null result as a physi
cal axiom in his light principle." Logical and PAiiojcpAicai Foundation.! o/ tAe 
special TAeory c/ Reiatioity, in Arthur Danto and Sidney Morgenbesser eds., 
P H I L O S O P H Y  O F  S C IE N C E  (New York: Meridian Books, 1960), p. 419.

46. Reichenbach, TAe PAiioropAicai .Sdgnipcance o[ tAe TAeory o[ Rela
tivity, in Schilpp, op. cit., e.g., p. 301.
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47. 7hfd., pp. 309-310.

48. Albert Einstein, Remark Concerning the Essays Brought Together in 
This Coopcraiioe Fofume, in Schilpp, op. c:t., p. 673 (hereinafter referred to 
as Remarhs).

49. /hid., p. 680.

50. 7h:d., p. 678. A few pages later, Einstein summarizes his eclectic ap
proach in a memorable passage (pp. 683-684): "The reciprocal relationship 
of epistemology and science is of noteworthy kind. They are dependent upon 
each other. Epistemology without contact with science becomes an empty 
scheme. Science without epistemology is—insofar as it is thinkable at all— 
primitive and muddled. However, no sooner has the epistemologist, who is seek
ing a clear system, fought his way through to such a system, than he is inclined 
to interpret the thought-content of science in the sense of his system and to re
ject whatever does not fit into his system. The scientist, however, cannot afford 
to carry his striving for epistemological systematic that far. He accepts grate
fully the epistemological conceptual analysis; but the external conditions, which 
are set for him by the facts of experience, do not permit him to let himself be 
too much restricted in the construction of his conceptual world by the adherence 
to an epistemological system. He therefore must appear to the systematic episte
mologist as a type of unscrupulous opportunist: he appears as realist insofar 
as he seeks to describe a world independent of the acts of perception; as idealist 
insofar as he looks upon the concepts and theories as the free inventions of the 
human spirit (not logically derivable from what is empirically given); as posi
tivist insofar as he considers his concepts and theories justified only to the extent 
to which they furnish a logical representation of relations among sensory ex
periences. He may even appear as Platonist or Pythagorean insofar as he con
siders the viewpoint of logical simplicity as an indispensable and effective tool 
of his research."

51. Reichenbach, The PhfJorophieaf Significance o/ the Theory o/ Rela
tivity, in Schilpp, op. cit., p. 292.

52. Griinbaum, Logical anti Philosophical Foundations o/ the Special 
Theory o/ Relativity, in Danto and Morgenbesser, op. cit., p. 419.

53. Adolf Griinbaum, PHILOSOPHICAL PROBLEMS OF SPACE AND TIM E (New 
York: Alfred A. Knopf, 1963), p. 381.

54. For details of this turbulent period (1921-1922), see Philipp Frank, EiN- 

S T E iN : S E iN  L E B E N  U N D  S E IN E  Z E iT  (Munich: Paul List Verlag, 1949), es
pecially Chapters 7 and 8. (The German-language version of the book is prefer
able to the much less detailed English version.) Right-wing protest manifestos 
against relativity were being published even as Nazi terrorist activities were
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leading up to the attempted PutrcA of 1923. Einstein's friend Rathenau was 
among those assassinated; Einstein was told he was in danger, too, and in fact 
he left Germany for a time.

55. Wiiheim Wien, D tE  R E L A T IV IT A TST H EO R IE  VOM S T A N D P U N K T  DER P H Y -  

sin UND ERKENNTNtsLEHRE (Berlin: J. A. Barth, 1921), p. 3.

56. 7AM., p. 7.

57. Heinrich Lange, GEScmcHTE D E R  G R U N D L A C E N  D E R  PHYSiK (Freiburg 
and Munich: Karl Alber, 1954), Volume I, p. 301.

58. Henry A. Boorse and Lloyd Motz, eds., TAc LMmiaiJcroar ElAcr Re
ceiver a Mortal Blow, in T H E  W O R L D  O F  T H E  ATOM (New York: Basic Books, 
1966), Volume I, p. 373.

59. Jaffe, op. oil., p. 99.

60. 7AM., p. 100. Jaffe also reprints an interesting letter from Einstein which 
we shall take up at a later point together with Einstein's other direct responses 
to the same question.

61. 7AM., p. 90.

62. Michelson was America's first Nobel prize scientist (and, in 1907, the 
only American Nobelist other than Theodore Roosevelt, who had received the 
1906 peace prize); the next American physicist so honored was Millikan 
(1923). There is some evidence that the Nobel award to Michelson had for 
American science some of the same signiScance in terms of increased national 
self-esteem as did Yukawa's Nobel prize in physics (1949) for Japanese science.

63. R. S. Shankland, MicAeiron 7852-7937, Experience <7e Aare efe la
rclalicitc, in LES I N V E N T E U R S  C E L E B R E S - — S C I E N C E S  P H Y S I Q U E S  E T  A P P L I C A 

T I O N S  (Paris: LucienMazenod, 1950), pp. 254—255.

64. 7AM., p. 255: "Contre toute attente, l'observation finale, faite en juillet 
1887, ne permit de constater aucun deplacement sensible dans les franges 
d'interference. Ce resultat surprenant ne fut pas entierement apprecie a 
l'dpoque, mais apres: le travail de pionnier de FitzGerald et H. A. Lorentz, 
Einstein le generalisa dans sa grande theorie de la Relativity restreinte de 1905, 
et l'experience Michelson-Morley acquit sa juste place, en tant que l'une des 
experiences cruciales de l'histoire des sciences. Ses repetitions ultdrieures ne 
firent que confirmer ce resultat et son importance pour la theorie de la Rela
tivity."

65. Shankland, Coacerralionr wilA AlAcrt Einrfcin, pp. 47-48; italics in the 
original.

66. 7AM., p. 55.
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67. R. S. Shankland, EAe MfcAgLon-AforJgy Expgrimgnt, SCIENTIFIC 
AMERICAN, 211, No. 5:107,1964.

6 8 . Shankland, AficAeEon-Aforfey Experiment, AMERICAN JOURNAL OF 

PH YSICS, p. 34.

69. Shankland published the English translation that was sent to him by 
Einstein, and he reports that he also received the German original; in both 
the author's holograph draft and the carbon copy of the latter (both these 
versions are now in the Einstein Archive at Princeton) the Erst two sentences 
are in English and appear to represent the acceptance by Einstein of a draft 
submitted for the occasion by Shankland on the basis of the interviews. Be
cause of the significant differences between the German and English versions 
after the first two sentences, it would be of interest to End who made the 
English translation of Einstein's German original. For many years Einstein's 
friends and assistants helped him with English translations, but in this instance, 
according to Miss Helen Dukas, we may believe it was Einstein's own. She 
informed me that in his last years he sometimes made the translations himself.

70. Shankland, AficPeLon, Aforiey Experiment, p. 35. Einstein's original 
text appears as follows in copies in the Einstein Archive:

"I always think of Michelson as the Artist in Science. His greatest joy seemed 
to come from the beauty of the experiment itself, and the elegance of the 
method employed.

"Aber er hat auch ein aussergewohnliches Verstandnis gezeigt fur die fun- 
damentalen Ratsel in der Physik. Dies sieht man aus dem Interesse, dass er von 
Anfang an dem Problem der Abhangigkeit des Lichtes von der Bewegung ent- 
gegenbrachte.

"Mein eigenes Nachdenken wurde mehr indirekt durch dass beriihmte 
Michelson-Morley Experiment beeinflusst. Ich erfuhr von diesem durch 
Lorentz' bahnbrechende Untersuchung iiber die Elektrodynamik bewegter 
Korper (1895), von der ich vor Aufstellung der speziellen Relativitat Kenntnis 
hatte. Lorentz' Grundannahme vom ruhenden Aether schien mir gerade des- 
halb nicht iiberzeugend, weil sie zu einer Interpretation des Michelson-Morley 
Experimentes fiihrte, die mir unnatiirlich erschien. Mein direkter Weg zur spezi
ellen Relativitats-Theorie wurde hauptsachlich durch die Uberzeugung be- 
stimmt, dass die in einem im Magnetfelde bewegten Leiter induzierte elek- 
tromotorische Kraft nichts anderes sei als ein elektrisches Feld. Aber auch das 
Ergebnis des Fizeau'schen Versuches und das Phanomen der Aberration fiihr- 
ten mich.

"Es fiihrt ja kein logischer Weg zur Aufstellung einer Theorie, sondern nur 
tastendes Konstruieren mit sorgfaltiger Beriicksichtigung des Thatsachen- 
Wissens."



71. Shankland, ConuerMlzom toith Albert Einstein, p. 48.
72. Ibid., p. 50.
73. Albert Einstein, Motio desEorschens, in Zu MAX PLANCKS 60. GEBURTS- 

TAG, Kartsruhe: C. F. Muller, 1918; reprinted in MEIN WELTBiLD.
74. On the Method o/ Theoretical Physics, The Herbert Spencer Lecture 

delivered at Oxford, June 10, 1933. It has been reprinted in MEiN WELTBiLD 
and T H E  W O R L D  As I S E E  I*r.

75. Einstein, Autobiographical Votes, in Schilpp, op. oft., p. 89.

76. Jacques Hadamard, A N  E S S A Y  O N  T H E  PSY C H O L O G Y  OF IN V E N T IO N  IN  

T H E  M A T H E M A T IC A L  F iE L D  (New York: Dover Publications, 1954; originally, 
Princeton: Princeton University Press, 1945), pp. 142-143.

77. See Chapter 7, Mach, Einstein, and the Search/or Reality, pp. 237—238.
78. Einstein, Remarhs, in Schilpp, op. oft., p. 673.

79. Sir Edmund Whittaker, A  HISTORY OF THE THEORIES OF AETHER AND 

ELECTRICITY, Volume II: T H E  MODERN THEORIES, 1900-1926 (London: Nel
son & Sons, 1953), p. 38. [For a discussion, see the essay referenced in note 21.]

80. Chalmers, op. oft., p. 81; italics in original.
81. Swenson, The Ethereal Aether, pp. 280-281 (citing William F. Magie, 

The Primary Concepts o/ Physics, SCIENCE, 35:287, 1912).

82. Ibid., p. 281.
83. Swenson had also further evidence of Michelson's own dismay: "In 

reply to a request for his own estimates of his most significant achievement, 
Michelson said: T think most people would say that it was the experiment 
which started the Einstein theory of relativity. That experiment is the basis of 
Einstein. But I should think of it only as one of a dozen of my experiments in 
the interference of light waves,'" pp. 317-318 (citing James O'Donnell 
Bennett's article on A. A. Michelson at the age of seventy, T H E  CHICAGO 

TRIBUNE, Rotogravure Section, 1923, p. 22). In this connection a passage in 
Shankland's Conoersations is relevant: "Michelson said to Einstein that he was 
a little sorry that his own work had started this 'monster.'" ConccrMtionr 
toith Albert Einstein, p. 56.

84. Translations which follow are taken largely from Albert Einstein, On 
the Electrodynamics c/ Mooing Bodies, pp. 37-65 in H. A. Lorentz, et cl., THE 
PRINCIPLE OF RELATIVITY, trans. W. Perrett and G. B. Jeffery (London: 
Methuen & Co., 1923; reprint ed., New York: Dover Publications [1951]). 
Einstein's original article is Zur Elehtrodynamih betoegter Eorper, A N N ALEN  

DER PH Y S iK , 17:1905. Although I  have corrected the translation at several
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points, none of these corrections changes materially the sense of the translations 
by Perrett and Jeffery. Note that several of the footnotes that appear in re
prints of Einstein's original paper were actually added later, supplied by 
Arnold Sommerfeld.

85. Einstein, Tofo&iogrnpAicai Notes, in Schilpp, p. 63.

86. Einstein, On tAe Electrodynamics oj Mooing Bodies, pp. 51-55. By 
requiring that Maxwell's equations be covariant, Einstein shows that a 
purely electric (or purely magnetic) force held in one system is experienced 
as an electromagnetic held in another system moving with respect to the hrst. 
Hence, "If a unit electric point charge is in motion in an electromagnetic held, 
the force acting upon it is equal to the electric force which is present at the 
locality of the charge, and which we ascertain by transformation of the held 
to a system of coordinates at rest relative to the electrical charge. . . . We see 
that the electromotive force plays in the developed theory merely the part of 
an auxiliary concept, which owes its introduction to the circumstance that 
electric and magnetic forces do not exist independently of the state of motion 
of the system of coordinates."

We recall Einstein had said in his Michelson centennial message, "What led 
me more or less directly to the Special Theory of Relativity was the conviction 
that the electromotive force acting on a body in motion in a magnetic held was 
nothing else but an electric held."

8 7 . ZAid., p .  3 7 .

8 8 . Martin J. Klein, TAermodyMmzct in Einstein's TAongAt, SCIENCE, 157: 
513, 1967, writes about this job and quotes Einstein as follows: "... contrary to 
what is sometimes suggested, this job kept him busy—'eight hours of exacting 
work every day.'"

89. Einstein, AutcAiogropAical Notes, in Schilpp, op. cit., p. 53.

90. ZAid., pp. 51-53.

91. Einstein, On tAe Electrodynamics o/ Mooing Bodies, p. 59.

9 2 . Griinbaum, P H IL O S O P H IC A L  P R O B L E M S  O F S PA C E  A ND T IM E , p .  3 8 0 .

If the history of ether theory itself is a guide, one may predict that on this 
issue, as on others, few of the protagonists can be expected to change their 
minds, owing to the stability of the "substratum of thought," the thematic 
presuppositions.

93. Einstein, On tAe Electrodynamics o/ Mooing Bodies, pp. 64-65.

94. As Einstein stated (cited by Max Bom, PAysics and Eelatioity, in H E L 

VETICA P H Y S icA  A cT A , Supplementum IV, 1956, p. 249): "The new feature of 
it [the work of 1905] was the realization of the fact that the bearing of the
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Loren tz-transformations transcended their connection with Maxwell's equa
tions and was concerned with the nature of space and time in general. A further 
new result was that 'Lorentz invariance' is a general condition for any physical 
theory. This was for me of particular importance because I had already previ
ously found that Maxwell's theory did not account for the micro-structure of 
radiation and could therefore have no general validity...."

95. Einstein, AMfchiograp/Hca? /Voter, in Schilpp, op. oft., p. 23.

96. 7Afd., p. 21; italics added.

97. 76x7., pp. 21-23.
98. 7Aid., pp. 23-25.

99. 7Afd., p. 23.
100. See Chapter 6, On tAe Origins op tAe Special TAeoty opRelativity, pp. 192— 

194.
101. /Aid., pp. 192-193.

102. Millikan, AlAert Efnrtefn on 77fr SeoentfetA BfrtAday, p. 344.
103. See Chapter 7, Mac A, A'instem, and tAe SearcApor Reality, especially pp. 

252-255.
104. Einstein, AtitoAiog'rapAicai /Voter, in Schilpp, op. eft., p. 53.
105. 7Afd.,p. 15.
106. Anton Reiser, A L B E R T  E lN S T E IN , A BIO GRA PHICA L P O R T R A IT , New 

York: A. & C. Boni, 1930.
107. Gerald Holton, /np?nencer on Tfinrtein'r Early ITorA fn Relatfofty

TAeory, AMERICAN SCHOLAR, 37:59—79, 1968-1969, which is incorporated here 
as part of Chapter 6.

108. Reiser, op. eft., pp. 52-53.

109. Shankland, Conoerrationr zoitA AlAeri Efnrtefn, p. 48; italics in original.

110. /Afd., p. 55.

111. H. A. Lorentz, Electromagnetic PAenomena fn a Ryrtem Moving zoftA 
Any Felocfiy Smaller TAan TAat op EfgAt, PROCEEDINGS OF THE ACADEMY OF 

SCIENCES, AMSTERDAM, 6:809-831, 1904.

112. The fact that most of these papers seem to have been difHcult to obtain 
and were published in Dutch or English may play a role here.

113. Cited by Bom, PAyricr and Relativity, p. 248. The book of Lorentz's
is V E R S U C H  E I N E R  T H E O R I E  D E R  E L E K T R I S C H E N  U N D  O P T I S C H E N  E R S C H E I N -  

U N G E N  I N  B E W E G T E N  K o R P E R N ,  Leiden: E .  J. Brill, 1895; reprinted without 
change by B. G. Teubner, Leipzig, 1906.
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As I have shown elsewhere (7n/!uencM on Einstafn's Early WorA :'n Refatfa- 
:ty TAoory) in almost all of the books from which Einstein may have learned 
Maxweii's theory, the Micheison experiment was not even mentioned—neither 
in the VoRLESUNG EN UBER T H E O R EnscH E  P H Y S iK , Leipzig: J. A. Barth, 
1897-1907 by Helmholtz, although it was in his own laboratory that Michel- 
sons's first experiment had been begun, nor in Hertz's essays, nor in August 
Foppi's ElNFUHRUNG IN DIE MAXWELLSCHE THEORIE DER ELEKTRICITAT, Leip
zig, B. G. Teubner, 1894. In fact, the most significant point about the German 
treatises is that there is a remarkable paucity of references to actual experi
mental situations, not only to Michelson's, but also to all other ether-drift 
experiments. One clear exception is Paul Drude's LEHRBUCH DER OmK (Leip
zig: S. Hirzel, 1900; issued in 1902 as THE THEORY OF Omcs, trans. C. R. 
Mann and R. A. Millikan, preface by A. A. Micheison, London: Longmans 
Green & Co., 1902.) But the discussion of the optical properties of moving 
bodies is based entirely on Lorentz's VERSUCH  of 1895, which has "developed 
a complete and elegant theory. It is essentially this theory which is here pre
sented" (p. 457, English translation). Thus in discussing an explanation of 
the Micheison experiment in terms of the contraction hypothesis, Drude copies 
almost word for word the corresponding sentences from Lorentz's VERSUCH .

114. A brief draft of the next few pages was presented in the PROCEEDINGS 

O F THE INTERNATIONAL CONFERENCE ON RELATIVISTIC THEORIES OF GRAVITA

TION, (London: 1965), Volume I ,  pp. 14—18 (mimeographed edition).
115. H. A. Lorentz, a t aL , D A S RELAnviTATSPRiNZiP, Leipzig and Berlin: 

B. G. Teubner, 1913. The collection has been often reprinted and exists in 
English translation as T H E  PRINCIPLE OF R E LA nviTY .

1 1 6 . Lorentz, VERSUCH  EINER THEORIE DER ELEKTRISCHEN UND OPTI- 

SCHEN ERSCHEINUNGEN IN BEWEGTEN K oRPERN, p . 1 2 3 .

117. "Wozu freilich kein Grund vorliegt." p. 124.
118. /M., pp. 2, 125. It turned out that Fizeau's experimental results were 

erroneous, as Lorentz had in effect begun to suspect.

119. Lorentz, T H E  PRINCIPLE OF RELATIVITY, p p . 22, 29.
120. Lorentz, at aL, D A S  RELATiviTATSPRiNzip, p. 10.
121. H. A. Lorentz, T H E  T H E O R Y  OF E L E C T R O N S  (New York: Columbia 

University Press, and Leipzig: B. G. Teubner, 1909; 2nd ed. [1915]), p. 230.
122. Professor Charles Kittel has pointed out to me that Joseph Larmor's 

book AETHER AND MATTER, Cambridge: Cambridge University Press, 1900, 
which neither Einstein nor Lorentz cites, sets forth the complete and exact 
Lorentz transformation equations for x, t, E, and B. Larmor claimed it only to 
the order of (u/c)2, which is all he needed and used to explain the null re
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suit of the Michelson-Morley experiment; but since he was trying to make 
*2 — c2;z invariant, as we do today, Larmor got the whole transformation 
exactly.

One of Larmor's erstwhile students, Ebenezer Cunningham, in a letter of 14 
December 1963 to Kittel, explained that he did not notice the exactness of 
the transformation in 1903-1904, but thought, like Lorentz, he had it only 
to second order. Therefore he spoke of it as the Larmor-Lorentz transforma
tion. In 1904 he moved from Cambridge to Liverpool, discovered there the 
exactness, and wrote to Larmor, who replied briefly he knew it though he 
had not referred to it in publication or lecture. Cunningham adds simply: 
"Larmor did not seem at all enthusiastic about the idea that an algebraic 
transformation happened to be exact." One is reminded of Lorentz's disin
clination to assign a more general meaning to the concept of OrtrzHi. It is 
an interesting sidelight on the limitation which can be put on a theory if it 
is seen as serving immediate purposes.

123. Lorentz, THE THEORY OF ELECTRONS, (1909), p. 230. Lorentz and 
Einstein came to be close friends, each admiring the scientific contributions 
of the other despite their fundamentally different approaches to electro
dynamics.

124. ZMd. (1915), p. 321.

1'25. Einstein, OBER DIE SPEZIELLE UND DIE ALLGEMEINE RELATTVITATS- 
THEORIE, p. 28.

126. Henri Poincare, CoNCREs DE P iiY S iQ U E  DE 1900, 1:22,1900.

127. Lorentz, THE PRINCIPLE or RELATIVITY, pp. 12-13. An example of 
Lorentz's sensitivity to this issue was shown in Deux MewioirM Henri Poin
care rnr ia pAyti<7Me matAcmatigne, AcTA MATHEM ATicA, 38:293-308, 1921; 
reprinted at the end of Volume IX of Poincare's CEuVRES (Paris: Gauthier- 
Villars, 1954), in which Lorentz gives an assessment of the contribution of 
Poincare to physics, particularly to relativity theory and quantum theory. And 
on that occasion Lorentz allowed himself a word of regret about his own 
method of procedure (p. 684): "In order to explain Michelson's 1881 experi
ment, the hypothesis of an immobile ether was not sufficient. I was obliged to 
make a new supposition which had the effect of admitting that the translation 
of a body through the ether produced a slight contraction of the body in the 
direction of motion. This hypothesis was the only one possible. It had been 
imagined by FitzGerald, and it found acceptance by Poincard, but Poincard 
nevertheless did not hide how little satisfaction was given to him by theories 
in which one multiplies special hypotheses invented for particular phenomena. 
This criticism was for me more reason to search for a general theory. . . ."

For more on Poincard's dissatisfaction with the hypotheses then needed, see
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Charles Scribner, Jr., Heart Poincare one? tAe Principle o/ RHaftvtfy, AMER

ICAN JOURNAL OF PHYSics, 32: 672-678, 1964, and Stanley Goldberg, Henri 
Poincare and EinjteinT TAecry o/ Reiatioity, AMERICAN JOURNAL OF PHYSICS, 
35:934-944, 1967.

128. Lorentz, THE PRINCIPLE OF RELATIVITY, p. 13.

129. See Chapter 6, On tAe Ongins op tAe Speciai TAeory op Relativity, p. 195 in 
this volume.

130. See Gerald Holton, On tAe TAewatic AnaiyjM o/ Science; TAe Ca.ie 

o/ Poincare and Relativity, MELANGES ALEXANDRE KoYRE (Paris: Hermann, 
1964), incorporated here as part of Chapter 6.

131. Herbert Butterfield, THE ORIGINS OF MODERN SCIENCE: 1300-1800 

(New York: Macmillan Co., 1958), pp. 29-30.

132. Nor did others think that the contraction hypothesis might not have 

other uses also. Several, such as the application to the Trouton-Noble experi
ment, are well known. Others are not. Thus, when Fritz Hasenohrl found that 
these computations yielded a net increase in the temperature o f a radiation- 
filled cavity carried through a closed cycle under adiabatic condi
tions he noted that "our contradiction [with the Second Law of Thermo

dynamics] is solved when the density of the true radiation does not remain 

constant. . . . The simple assumption is that perhaps the dimensions" are 

changed by the factor (1 — [4 p?̂ ) in "complete agreement with the assump
tion of Lorentz and Fitzgerald." Zur TAeoric der .SHaAfangen ta Aewegfen 

Horpern, A N N A L E N  DER P H Y S iK , 15:369, 1904. Hasenohrl also made other 

uses of the Lorentz-FitzGerald contraction, for example in SrrzuNGSBERiCHTE  

DER AKADEMIE DER W lSSENSCH AFTEN IN W lE N , 116:1391, 1907, and 117:207, 
1908. I thank Stanley Goldberg for bringing these passages to my attention.

133. See, for example, the letter of Heisenberg to Pauli, in which he vented 
his feelings about Schrodinger's approach to quantum mechanics: "The more 

I ponder the physical part of Schrodinger's theory, the more disgusting [dMfo 

aArcAetdicAer] it appears to me." Schrodinger was no less candid about his feel
ings concerning Heisenberg's theory when he wrote: "I was frightened away 

[aAgercArecAt], if not repelled [aAgeitoiyea], by what appeared to me a rather 

difficult method of transcendental algebra. . . ." C/. Max Jammer, THE CON
CEPTUAL DEVELOPMENT OF QUANTUM MECHANICS (New York: McGraw- 
Hill, 1966), p. 272. Similar criteria guide the personal decision by which a 

scientist chooses the more probable theory either when the evidence for and 

against two theories seems equally balanced or when in fact the evidence seems 

to be against the theory that is nevertheless preferred. A case of the first kind 

applied to Galileo, who decided in the DIALOGUES CONCERNING THE Two
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CHIEF WORLD SYSTEMS that "it is much more probable that the diurnal motion 
belongs to the earth alone than to the rest of the universe excepting the earth." 
A case of the second kind was Einstein's response to an apparently authoritative 
experimental disproof of his 1905 paper (discussed in the essay referenced in 
note 103 above).

134. I have discussed some differences in the meanings of Ŝ  and S, in 
the Introduction and in Chapter 10, PAc Dua/Ay and GrowtA o/ PAysicaf 
Science.

135. H. A. Lorentz, TAc Relative Motion o/ tAe FartA and tAe AetAer,
VERHANDELINGEN DER K o N IN K . AKADEMIE VAN W ETENSCHAPPEN, AM STER

DAM, 1:74, 1892; also in H. A. Lorentz, COLLECTED PAPERS (The Hague: 
Martinus Nijhoff, 1937), Volume IV, pp. 219-223; italics added. Some of these 
and similar quotations are found in Alfred M. Bork, TAe "FitzGerald" Con
traction, Isis, 57:199-207, 1966. See also the earlier discussion centering on 
notes 116 and 117 above.

136. Draft copy in Algemeen Rijksarchief, The Hague, published by Stephen 
G. Brush, in Vote on tAe History o/ tAe FiizCeraid-Lorentz Contraction, Isis, 
58:231,1967; italics added.

137. Oliver Lodge, On tAe Present State o/ .Knowledge o/ tAe Connection 
Aetween FtAer and Matter; 4̂n Hiftoricai Summary, NATURE, 46:164-165, 
1892; italics added.

138. Bork, TAe "FitzGerald" Contraction, loc. cit.

139. The story is told briefly in Jammer, ô . cit., pp. 149-150, and at greater 
length in the sources he cites there.

140. C. G. Hempel, PHILOSOPHY OF NATURAL SciENCE (Englewood Cliffs, 
New Jersey: Prentice-Hall, 1966), p. 30.

141. Adolf Griinbaum, TAe Bearing o/ PAiioropAy on tAe Hiitory o/ Science, 
S c iE N C E , 143:1406,1410,141'2,1964.

142. C. C. Gillispie, T H E  E D G E  O F  O B J E C T I V I T Y  (Princeton, New Jersey: 
Princeton University Press, 1960), p. 516.

143. That the covariance of Maxwell's equations rather than the explana
tion of ether experiments was the primary motivation for the Lorentz trans
formation equations is not always granted; e.g., S .  J. Prokhovnik in T H E  

Loac O F SPE C IA L  R E L A n v iT Y  (Cambridge: Cambridge University Press, 
1967), p. 6, writes: "However, their [Lorentz's and Poincare's] manner of 
saving the aether concept had a certain artificial character. Their transfor
mation was devised solely to explain a null effect associated with an undetect
able medium. It was the shadow of a phantom of zero dimensions."
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144. Brush, op. c:L

145. G. F. FitzGerald, FAe EfAer and tAe EartA's AtmospAere, SCIENCE, 

13:390, 1889.

146. Einstein, AataAiograpAfaaf Notes, in Schilpp, op. c:t., p. 23.

147. Karl Popper, T H E  L oG ic OF SCIENTIFIC D isco v E R Y  (New York: Basic 
Books, 1959), pp. 82-83.

148. Max Wertheimer, PRODUCTIVE TH IN K IN G  (New York: Harper & Broth
ers, 1945), pp. 173-174. This work has to be used cautiously.

149. Griinbaum, P H IL O S O P H IC A L  P R O B L E M S  O F S PA C E  A N D  T IM E , pp. 380- 
381; Griinbaum, FAe Bearing o/ PAdosopAy on tAe History c/ Science.

150. It is in this spirit that Planck, in Znr DynamiA Aetoegter .Systeme, Srrz- 
U N G S B E R IC H T E  DER A K A D E M IE  DER W lS S E N S C H A F T E N  IN  W lE N ,  29:542-570, 
1907, argued that one should accept the principle of relativity, since there was 
nothing as yet which forced one not to accept it as exact. And it is in the same 
sense that Einstein's first criterion for a good theory asked that "the theory 
must not contradict empirical facts."

A similar point has been correctly raised in several publications by Michael 
Polanyi, e.g., in Herbert Feigl and Grover Maxwell, eds., C U R R E N T  I s s u E S  IN  

T H E  P H IL O S O P H Y  O F SciENCE (New York: Holt, Rinehart & Winston, 1961), 
pp. 53-55; and also by Stillman Drake, e.g., in FAe ^cicntipc Personality o/ 
Gaiiieo, G A L ILEO  S T U D IE S  (Ann Arbor, Mich.: University of Michigan Press, 
1970) pp. 63-78.

"In recent years, I have read many scholarly discussions—I might better 
say 'scholastic' discussions—on the question whether Galileo had any right, as 
a scientist, to conclude in favor of Copernicus on the basis of the evidence 
in his possession. . . . The crucial point is not whether Galileo had or did 
not have ocular evidence decisively in favor of Copernicus [by later evidence]; 
it is how he behaved when he considered that he did have such evidence."

There are, of course, useful discussions of ad hoc hypotheses by philosophers, 
e.g., by Mary B. Hesse, op. cit., pp. 226-235. She also raises the significant 
point, not discussed above, that the contraction hypothesis was "somewhat 
ad hoc because it entailed that motion in the aether is in principle unobserv
able" (p. 228).

We may take this occasion to remark that an ad hoc hypothesis, in parti
cular a poor one, leaves the feeling that the operations of nature are con
stricted or restricted by arbitrary human intervention. On the other hand, a 
large-scale generalization leaves the feeling that it expands the realm of appli
cation and shows where the "natural" limits lie: e.g., the first principle of 
relativity generalizes the equality of inertial systems from mechanics to all
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of physics. In the same way other major scientific advances are characterized 
by the positing of an hypothesis that universalizes a limited situation: New
ton's proposition of universal gravitation, Galileo's extension of terrestrial 
physics to celestial phenomena, Maxwell's generalization that abolished di
visions between electric, magnetic, and optical phenomena, and others that 
can be readily supplied from such work as that of Helmholtz, Darwin, and 
Freud. An early philosophical warrant for this way of hypothesizing was 
given in Newton's Third Rule of Reasoning.

151. Einstein, RemarAf, in Schilpp, op. eft., p. 684.

152. Reichenbach, TAe PAiiMopAicai îgttijicancc o/ fAc TAcary a/ Rela
tivity, in Schilpp, op. oft., p. 292; italics supplied. It is at this point that Reich
enbach adds:

"The philosopher of science is not much interested in the thought processes 
which lead to scientific discoveries; he looks for a logical analysis of the com
pleted theory, including the relationships establishing its validity. That is, Ao ft 
not interested fa fAo context o/ discovery, but in the context of justification."

To be sure, scientists on their own side sometimes appear to have mirror- 
symmetrical blind spots or lack in interest or preparation. But this need not 
end in a stalemate. On the contrary, one may hope that further investigations 
of the status and meaning of ad hocness can benefit from teamwork of the kind 
that has been so fruitful in scientific research generally—a collaboration among 
historians, philosophers, scientists, and other scholars who share the conviction 
that a problem is worth attacking and who are willing to pool their diverse 
strengths to work on it together.

153. Michelson, STUDIES IN  Opncs, p .  156.

154. Cf. Albert Einstein, Time, .Space and Gravitation (1948), OuT OF My 
LATER YEARS (London: Thames and Hudson, 1950), pp. 54-58. It was dis
cussed in Chapter 7, Mac A, Einstein, and tAe SearcA /or Reality, pp. 248 and 
270.

155. Shankland, Conversations tviiA Albert Einstein, pp. 53-54; italics 
added. An experiment along these lines was devised later and gave a 
null result, as Einstein had predicted. In the same interview Einstein de
plored the current state of nuclear theory, but again added the same type of 
caution: "He felt that just the muldplication of facts and experimental data 
in nuclear physics would not clarify the situation or lead to a final correct 
theory. This is in marked contrast to the prevalent view that experimental 
facts will ultimately reveal regularity and thus give the hints that will lead 
to a theoretical solution. He disagreed completely with this view . .." (p. 54).

156. Copies of correspondence in the Einstein Archive. Miss Dukas reports
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that the famous remark "Raffmiert ist der Herr Gott, aber boshaft ist Er nicht" 
[God is subtle, but not malicious] was made by Einstein at a reception in 1921 
after a lecture in Princeton when Einstein was asked for his views about Miller's 
experiment of 1921 that was reported to have yielded a positive result for the 
ether drift at higher altitudes.

157. R. S. Shankland, S. W. McCuskey, F. C. Leone, and Gustav Kuerti,
New c/ tAe Diter/ercmefer Ohserpafions o/ Dayton C. Miller, REVIEWS
OF MODERN P H Y s ic s ,  27:167-178,1955.

158. Shankland, ConoeriatiorM with Xi&ert Einttein, p. 52, footnote 20. 
There is a significant irony in this story. Shankland's group thought initially 
that the most likely solution to the puzzle of Miller's results lay elsewhere and 
invested three years' work in this way. Shankland writes, "it was not until 
early 1954, after the complete analysis of variance results were available that 
we were convinced that the periodic effects found by D. G. Miller were not 
due to statistical fluctuations or to his method of analysis. Only then did we 
plunge deeply into the study of the temperature effects to find the real cause 
of Miller's result" (p. 51, footnote 19).

A second irony is that another genial scientist, long before Einstein, had a 
similar intuitive response about this possible source of error in the Michelson- 
type experiment. In a recently discovered letter, Michelson, writing to Simon 
Newcomb, from his visit in Berlin on 22 November 1880, about his plans for 
his very first interferometer experiment, had reported the response of the aug
ust head of the laboratory, Hermann von Helmholtz: "I had quite a long 
conversation with Dr. Helmholtz concerning my proposed method for finding 
the motion of the earth relative to the ether, and he said he could see no 
objection to it, except the difficulty of keeping a constant temperature." The 
letter was first given in Swenson's thesis, The EtAcrca? AetAgr; see also foot
note 11' in Shankland, MicAehon-MorJgy Experiment, p. 19.

Yet another irony lies in Miller's own interpretation of Einstein's interest in 
and response to his work. In a letter from Miller to T. C. Mendenhall of 2 
June 1921, Miller wrote, "Last week Prof. Einstein visited me and spent an 
hour and a half in talking over the ether-drift experiments. I found him ex
ceedingly pleasant and not at all insistent on the theory of relativity, but ap
parently more interested in the results of the experiments than in anything 
else and quite willing to accept the results whether for or against the theory. 
At least he was sincere enough and cordial enough to leave this impression." 
(From a letter in the Archive of the Center of History and Philosophy of 
Physics, American Institute of Physics, New York. I thank Dr. Charles Weiner, 
its Director, for communicating the letter to me.) One plausible explanation 
of Miller's impression may be contained in Shankland's report on a question 
he asked Einstein about that visit: "I referred to Einstein's visit to D. C.

367



ON RELATIVITY THEORY

Miller at Case in 1921. . . . He told me that when he came to the United 
States that year he did not know a word of English. On the trip he picked up 
some by ear." Shankland, CottveMaliom zvitA AiAcrf Einstein, p. 50.

159. Shankland, Conversations witA /4i&ert Einstein, p. 49.
160. Conference on tAe AficAgEoH-Morfey Experiment, p. 344.

161. Shankland, Conversations tviiA Albert Einstein, p. 57.

162. 7&id., p. 56.
163. The proceedings were published as Professor Einstein at tAe California 

institute of TecAnoiogy, S C IE N C E , 73:375-381, 1931'. All quotations below are 
from this source unless otherwise identified.

164. Jaffe, op. cit., pp. 167-168.

165. /Aid., p. 101.
166. PRO CEED IN G S OF T H E  A M E R IC A N  P H IL O S O P H IC A L  SO C IE TY , 93:544-545, 

1949.
167. The English translations published by S C IE N C E  (Professor Einstein at 

tAe California institute of 7YcAno?ogy, p. 379) and PR O C E ED IN G S OF 

T H E  A M E R IC A N  P H IL O S O P H IC A L  S o c iE T Y  (1949) differ only slightly. But for 
the sake of completeness I shall give here a more faithful translation of the 
first part of the German-language text:

"Dear Friends! From far away I have come to you, not to strangers but to 
men who for many years have been faithful comrades in my work. You, my 
honored Herr Michelson, began when I was only a small boy, not even a 
meter high. It was you who led the physicists into new paths, and through 
your marvelous experimental labors prepared for the development of the 
relativity theory. You uncovered a dangerous weakness in the ether theory 
of light as it then existed, and stimulated the thoughts of H. A. Lorentz and 
FitzGerald from which the special theory of relativity emerged. This latter, 
in turn, led the way to the general theory of relativity and to the theory of 
gravitation. Without your work this theory would today be scarcely more than 
an interesting speculation; your verifications furnished the real [or realistic] 
basis for this theory. Campbell's determination of the deflection of light 
in the case of light rays passing by the sun, St. John's determination of the red 
shift of spectral lines through the gravitational potential that exists at the sun's 
surface, . . . belong to the best supports of the General Relativity Theory."

168. As he wrote to his friend Conrad Habicht about the relativity paper: 
"The fourth work lies at hand in draft form, and is an electrodynamics of 
moving bodies, making use of a modi/icaticn of the theory of space and time." 
In Carl Seelig, A L B E R T  E iN S T E iN  (Zurich: Europa Verlag, 1954), p. 89; see 
also p. 97; italics supplied.
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169. Einstein, an/ Albert A AficAelfon, ZErrscHRiFT FUR
ANGEWANDTE CHEMIE, 4 4 : 6 8 5 ,  1 9 3 1 .

170. Bernard Jade, M E N  O F  S C IE N C E  IN  A M E R IC A  (New York: Simon & 
Schuster, 1944), p. 372. Also reprinted in Jaffe, M ic H E L S O N  A N D  T H E  S PE E D  

O F  L iG H T , pp. 100-101. The same implication without further illumination is 
found in the well-known and slightly breathless book by the psychologist Max 
Wertheimer, PRO D U CTIV E T H IN K IN G . Wertheimer reports that from 1916 on 
he spent "hours and hours" with Einstein, "to hear from him the story of the 
dramatic developments which culminated in the theory of relativity" (p. 168). 
"When Einstein read about these crucial experiments made by physicists, and 
the finest ones made by Michelson, their results were no surprise to him, al
though very important and decisive. They seemed to confirm rather than to 
undermine his ideas" (p. 172).

171. N. L. Balazs, quoted in Michael Polanyi, PERSONAL KNOWLEDGE (Chi
cago: University of Chicago Press, 1958), p. 11.

1'72. /hid., p. 10. Polanyi goes on to use these statements to support his 
own conclusions: "The usual textbook account of relativity as a theoretical 
response to the Michelson-Morley experiment is an invention. It is the product 
of a philosophical prejudice. When Einstein discovered rationality in nature, 
unaided by any observation that had not been available for at least 50 years 
before, our positivistic textbooks promptly covered up the scandal by an ap
propriately embellished account of his discovery" (p. 11).

This remark led to remarkably vituperative attacks upon him from the ex
treme positivistic school. The ensuing debate was revealing in its own right, 
but its examination must be delayed to another occasion.

173. Translation in Einstein, IDEAS AND O PINIO NS, p p . 73-76, under the 
title 77. A. Torgntz, Creator and Pewonahiy.

174. As is not unusual, one cannot rely on published translations; we estab
lished the text by using the German original in the Einstein Archive:

"Das einzige Phanomen, dessen Erklarung auf diesem Wege nicht restlos, 
d. h. nicht ohne zusatzliche Annahmen, gelang, war das beriihmte Michelson- 
Morley-Experiment. Dass dies Experiment zu der speziellen Relativitats- 
theorie hinfiihrte, ware ohne die Lokalisierung des elektromagnetischen Feldes 
im leeren Raume undenkbar gewesen. Der wesentliche Schritt war eben iiber- 
haupt die Zuruckfiihrung auf die Maxwell'schen Gleichungen im leeren 
Raume oder—wie man damals sagte—im Aether."

Two other translations that differ slightly from each other are given in 
Einstein, IDEAS AND O PINIO NS, p. 75, and in the collection, H. A. L oR E N T z: 

IMPRESSIONS O F  His LiFE AND W oR K , ed. G. L. de Haas-Lorentz (Amsterdam: 
North-Holland Publishing Co., 1957), p. 8.
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175. See notes 29 and 30 above.
176. Copy in the Einstein Archive.

177. Sir Edmund Whittaker, A H is T O R Y  O F T H E  T H E O R IE S  O F T H E  AETHER 
AND EL E C T R IC IT Y , Volume II.

178. Copy in the Einstein Archive.
179. Shankland, ConferMtionr A/hert Einricm, p. 50.

I wish to thank the Executor and Trustees of the Albert Einstein Estate, 
and particularly Miss Helen Dukas, for help and for permission to cite from
the publications and documents of Einstein.

ON RELATIVITY THEORY

370



9 ON TRYING TO UNDERSTAND
SCIENTIFIC GENIUS

g j  ̂ ) tsTORtANS of science return again and again to the epochal con- 
tEl H ) tributions of the Newtons and Niels Bohrs, the Darwins and 
Freuds. Although the history of science is not primarily the study of the 
work of "genius," historians cannot avoid encountering at every turn 
the primary or secondary effects of certain few extraordinary, transform
ing works. At the same time, men and women at that level of achieve
ment are the most puzzling ones.

What is meant by genius in science? What are its characteristics? Can 
one understand it, or is that a contradiction in terms? I am not speaking 
merely of "creative" people, nor of men of "high attainment." I am 
aware of the large amount of literature on creativity, and of some fine 
studies of men of genius in the arts or in political affairs. But I do not 
find them very helpful for understanding the life or the work of a Fermi 
or an Einstein, and even less for discerning how his personality and his 
scientific achievements interact.

Einstein himself pointed to one difficulty with such a study: it may 
be hard to find commonalities among many cases from which to gain 
more understanding about a specific case. He wrote in an essay in 1918,
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which we shall have occasion to study further, that the small group of 
genial scientists who have found special favor with the Angel of the Lord 
"are mostly rather odd, uncommunicative, solitary fellows who despite 
these common characteristics, resemble one another really less than the 
host of the banished." Leopold Infeld, who worked for many years 
closely with Einstein, dismissed entirely the possibility of giving a defini
tion of genius for, he wrote, "it is characterized just by the fact that it 
escapes classification."*

Yet I do not think the matter is altogether hopeless. On the contrary, 
it is precisely the attempt to seek some clues through the study of scien
tific publications, letters, and biographies of such a scientist that has 
given me the ambitious topic. But I should warn at the outset that we 
shall be left with many questions, some problems that look interesting, a 
few hypotheses, and no permanent answers. Moreover, I shall discuss 
here only one person, and what I have to say may or may not be ap
plicable to other scientists.

The first temptation is to proceed reductionistically, and to analyze 
the man of genius into externally visible, singular elements of his work 
and character. Those of us who have worked with such a person will 
have caught glimpses of such elements. The first is undoubtedly his in
sight into the phenomena of science in a way that amounts almost to a 
special perception of a kind that can hardly be communicated to others, 
or a tactile coexistence with natural phenomena: sometimes the mind 
seems to move into the problem of nature as if it were a hand slipping 
into a glove. Another element may be his clarity of thought as shown by 
the penetration of his questions, and by the simplicity and ingenuity of 
his —experiments carried out in thought in just
the idealized milieu that turns out to be needed.

Third, one may be startled by the intensity and wide scope of his 
alertness, for example, to small signals in the large "noise" of any experi
mental situation or of its description. One is likely also to be constantly 
impressed by his extraordinary energy and persistent dedication—in 
manipulation of equipment, in the making of apparatus or tools, in 
computing or writing. There is a marvelous overabundance evident in 
such a person, in a Kepler or a Gauss no less than in a Mozart. Con
nected with it is surely the ability to lend himself—no, to give his
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whole life over—to the development of a held or an area of thought, 
usually to the near exclusion of satisfactions or drives other persons find 
irresistible.

And lastly, one is likely to perceive an aura or atmosphere surround
ing such a person's actions and expressions, which sets him apart in a 
way difficult to define. It is not merely the sometimes unreasonable de
gree of optimism about his own mission, the self-confidence and self- 
reliance that appear to others at times to be egocentric obstinacy. 
Rather, I speak of a basic feeling that such a man has, and that may be 
shared by those who know him well: that he is, in some sense, one of 
the "chosen" ones.

These and other characteristics may be more or less adequate ear
marks of genius in a particular case. They do apply to Einstein, for ex
ample. But I have no illusion that such a list of singularities explains 
anything. Quite apart from the question of whether any reductionistic 
approach of this kind can succeed, each of the elements themselves, 
except possibly the last one, seems to be found also in second- and third- 
raters. Moreover, these elements do not appear to be either exhaustive 
or to have convincing and necessary connections, nor does each of them 
seem necessary.

If we now ascend to the next more serious level, one may well be 
expected to turn to the methods of psychoanalysis or psychohistory. 
Some successful and beautiful studies of men not in the sciences exist, 
although Frank Manuel has given us the one example of such a study of 
a physical sicentist, in A P O R T R A IT  O F N E W T O N . At least for the partic
ular case I wish to discuss here, psychobiographica! analysis will, in my 
opinion, be most fruitful when used in conjunction with all the other 
tools of the historian of science, rather than being made the central 
method. While the personality and work of the genius appear to me to 
be qualitatively different from those of other scientists, I am not pre
pared, at least not yet, to think that our methodology and techniques 
of study must be significantly different from those used in more ordinary 
cases. Indeed, the most promising road seems to me this: first to identify 
some special puzzle or problem characterizing our understanding of the 
man of genius, and then to bring the whole range of the historian's pro
fessional tools to bear on this particular puzzle—with the hope that the 
special character of genius may be reflected in the special aspects of the 
solutions.
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In my work on the historical origins of special relativity theory, I find 
in retrospect that the most haunting questions have not been those of 
the sort one usually encounters in the work of most other scientists— 
such as the trajectory of conceptual development, fascinating though 
this is. Rather, there is what first strikes one as a remarkable set of 
puzzling polarities, or, if you will, symmetries and asymmetries, in Ein
stein's style and life's work.

Let us make a brief list of some of these apparent polarities among 
which we shall presently choose one for detailed attention.

The folkloric image itself is that of the wisest of old men, who even 
looked as if he had witnessed the Creation itself; but at the same time, 
he seems also an almost childlike person. Einstein himself once said, 
in a remark that will take on some significance later, that he was 
brought to the formulation of relativity theory in good part because he 
he kept asking himself questions concerning space and time that only 
children wonder about.

Then there is his legendary, iron ability to concentrate, often for 
years, on a single basic problem in physics, regardless of contemporary 
schools and fashions. Similarly, there is his stubborn faithfulness to a 
clearly established personal identity, characterized by uncompromising 
rejection of every Zwang and external, arbitrary authority, in physics as 
well as in clothing or in the demands of everyday life. But opposite to 
this glorious obstinacy and solitary intransigence with which to search 
for the basic permanence and necessity behind nature's phenomena, 
there is also his ever-ready openness to deal after all with the "merely 
personal" from which he so longed to flee—to deal with the barrage of 
requests for help and personal involvements that appealed to his funda
mental humanity and his vulnerability to pity.

Closely related is another opposition (to express it from the view
point of the external observer, in the only language easily available to 
us, but a language that may well mislead rather than reveal). Einstein 
is of course known as a grand public personage, radiant and lively, with 
profound wit and charisma. But from early childhood to his late years 
he was at the same time also characteristically a solitary person. Max 
Talmey, who observed him often between his eleventh and fifteenth 
years, wrote later that he had never seen him in the company of school
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mates or other boys of his age, but that he was usually aloof, absorbed in 
books and music. In 1936 Einstein wrote in a short "seif-portrait": "I 
live in that solitude which is painful in youth, but delicious in the years 
of maturity." Einstein could oscillate between these states of the public 
and private person.  ̂He once confessed: "My passionate sense of social 
justice and social responsibility has always contrasted oddly with my 
pronounced lack of need for direct contact with other human beings 
and human communities."

Then there is Einstein as the apostle of rationality, whose thought was 
characterized by an exemplary clarity of logical construction. On the 
other hand, there is the uncompromising belief in his own aesthetic sense 
in science, his warning not to look in vain for "logical bridges" from ex
perience to theory, but to make, when necessary, the great "leap" to 
basic principles. As he wrote in a well-known passage, "To these ele
mentary laws there leads no logical path, but only intuition, supported 
by being sympathetically in touch with experience [Ein/uAiuug in die 
Er/aArung].""

Then, on the one hand we have his well-known personal philosophy 
of liberal agnosticism, even a withering contempt for established re
ligious authority of any sort; and on the other hand there is also a clear 
personal religiosity. As he says in one of his letters, "I am a deeply 
religious unbeliever."

Elsewhere* I have discussed yet another apparent conflict, that be
tween Einstein as a scientific revolutionary and Einstein as a conservative 
who stressed the continuity of physics—as in his remark quoted by Carl 
Seelig: "With respect to the theory of relativity it is not at all a question 
of a revolutionary act, but of a natural development of a line which 
can be pursued through centuries.""

TAc Field and tAe Quantum

It is surely significant that these personal "odd contrasts" have their 
counterparts in polarities that run right through his scientific work. The 
most striking of these is the well-known dichotomy between Einstein's 
devotion to the thema of the continuum—expressed most eminently in 
the held concept—as the basis for fundamental, scientific explanation, 
and, on the other side, his role in developing quantum physics in which 
the key idea is atomistic dhcrctcncM. This merits some amplification.
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His devotion to the continuum was not exceeded by that to any 
other thema, except possibiy of symmetry and invariance (that is, of 
"relativity" itself). It held to the very end; a paper published the year 
before his death was Propgrfz'gj c/ FzgM m lAe IMatmMtzc
FAeory o/ Âz? Fz'eM. In his ietters, even more strongly than
in his articles, we find him incessantly defending the continuum against 
attacks on it by the quantum physicists. He once called the classical 
concept of the held the greatest contribution to the scientific spirit, and 
we must recall that in the first paragraph of his fundamental 1905 paper 
on relativity theory, Einstein motivates the whole discussion by describ
ing the old, seemingly trivial, experiment of a current induced in a con
ductor that moves with respect to a magnetic field.

The field played a crucial role in his imagination even earlier. From 
his ^MmAz'ograpAzcaf and other testimony we know that his suc
cessful formulation of universal principles on which to reconstruct 
physics in 1905 depended on his fully understanding at last the solution 
to a paradox on which he had reflected for ten years, since the day it 
had occurred to him as a sixteen-year-old student at the Kanton Schule 
of Aarau in 1895-96.6 We shall later find that it was probably not by 
accident that this key perception happened at Aarau.

He later described the paradox as it appeared to him in a vivid 
thought experiment: "If I pursue a beam of light with the velocity 
(velocity of light in a vacuum), I should observe such a beam of light 
as a spatially oscillating electromagnetic held at rest. [For example, 
looking back along the beam over the space of one whole wavelength, 
one should see that the local magnitudes of the electric and magnetic 
Reid vectors increase point by point from, say, zero to full strength, and 
then decrease again to zero, one wavelength away.] However, there 
seems to be no such thing, whether on the basis of experience or accord
ing to Maxwell's equations." Only by postulating the principles of rela
tivity was the surprising expectation shown to be in error and the physics 
of the Held rescued from this absurdity. (One should note that, as 
Banesh Hoffmann has pointed out, it is hard to see why the situation 
described in the thought experiment should be considered surprising or 
impossible z/ one applies a Galilean instead of a Lorentz transformation 
to Maxwell's equations. Somehow, Einstein appears already to have 
tacitly been thinking that Maxwell's equation must remain unchanged

ON RELATIVITY THEORY

376



in form for the observer moving along with the beam—thereby adopting 
a principle of relativity ah initio.)

But the Held held Einstein enthralled even earlier, as shown in a 
youthful essay which J. Petseneer discovered in Belgium not long agod 
Its title is nothing less than On the Examination o/ t/n? ^tate o/ the 
Ether in the Magnetic EieM (*Oher die OnterjMchMng der ^dether^nstan- 
des im magnetirehen EeideJ It is a suggestive piece, for it shows that 
Einstein had already encountered Hertz's work on the electromagnetic 
field, and that he was thinking up experiments to probe the state of 
the ether which, he said, "forms a magnetic held" around electric cur
rent. For this purpose he suggested sending a lightbeam into the mag
netic held as a probe. Any effects on the measurable speed or wave
lengths of such a beam would reveal the "elastic deformation" of the 
ether or held.

It would be an error to think of that essay in any way as a draft of 
ideas on which the later relativity theory was directly based, or even to 
regard it necessarily as his hrst scientihc work. But what is most signifi
cant about it is the idea of the lightbeam as a probe of a held. From 
the contemplation of how to measure the wavelengths of such a beam, 
it would be only a small step to the recognition of the paradox Einstein 
discovered soon afterwards at the Aarau school.

We can go back even further when searching for the point where the 
thematic commitment to the continuum was formed. It is well known 
that, as a child of four or hve, Einstein experienced what he called "a 
wonder" when his father showed him a simple magnetic pocket com
pass. It was an experience to which Einstein often referred. His friend 
Moszkowski reported him in 1922 to have said, "Young as I was, the 
remembrance of this occurrence never left me." His biographer Seelig 
wrote in 1954 that the compass "to this day is vividly engraved in his 
memory, because it practically bewitched him." Another (although less 
reliable) biographer reported that Einstein told him of that early part 
of his life: "The compass, and only the compass, remains in my memory 
to this day." In his autobiography, written at the age of sixty-seven, we 
read: "I can still remember—or at least I believe I can remember— 
that this experience made a deep and lasting impression on me. Some
thing deeply hidden had to be behind things."

The scene is most suggestive. There is the mysterious invariance or
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constancy of the compass needle, ever returning to the same direction, 
despite the fact that the needle seems free from any action-by-contact 
of the kind that is usually unconsciously invoked to explain the behavior 
of material things; despite the vagaries of motion one may arbitrarily 
impose on the case of the compass from the outside; and regardless of 
personal will or externa! Zwawg or chaos. If Einstein remembered it so 
well and referred to it so often, it may be because the episode is an alle
gory of the formation of the playground of his basic imagination.^ For 
anyone interested in the genesis of scientific ideas or the motivation 
toward scientific study, these sketchy remarks will indicate that there are 
here problems that cry out to be worked on. These are, however, not our 
chief concerns here. What does matter is that this long loyalty to the 
explanatory power of the continuum was destined to be put to a severe 
test.

For Einstein, of course, was also the brilliant contributor to the phy
sics based on the thema precisely the polar opposite to the continuum, 
namely, the discrete quantum—for example, in the conception that light 
energy is not continuously divisible, but proceeds in well-defined quanta 
or photons. By his own report Einstein came to quantum physics by 
studying what Planck's radiation formula may imply for the "structure 
of radiation and more generally . . . the electromagnetic foundations of 
physics." Einstein's first fundamental paper in quantum physics, entitled 
On a FfgHyishc Point o/ Fiew Concerning tAe Generation and Tranj- 
/ormation o/ Pig At, was finished at Bern in 1905, three days after he 
had turned twenty-six, and only about three months before the relativity 
paper.

The wonder is that it is so completely different (in all ways but one) 
from the relativity paper. That is, its object is close to what Einstein 
later called "mental gymnastics": to overcome a problem in physics at 
any cost, but without a basic reformulation. As its title says, it is dom
inated by a heuristic attitude. On the other hand, the relativity paper is 
Natural Philosophy in the deepest sense: rejecting everything arbitrary, 
even assumptions concerning the nature of matter, in order to find the 
nature of space and time that allows causal continuity and prepares for 
the great simplifications and unifications, first of all, that of the transfor
mation properties of mechanics and electrodynamics.

But while the relativity theory became Einstein's own most enduring 
life preoccupation, he could not accept quantum physics seriously. To
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Leopold Infeld, he said "I may have started it, but I always regarded 
these ideas as temporary. I never thought that others would take them 
so much more seriously than I did." Yet, he continued to make some of 
the most seminai contributions to it for a quarter of a century from 
1905 on, with rarely a year going by in which he did not publish an 
article on this subject.

These, then, are some of the characteristics that seem to be polar op
posites. It is, I think, significant that Einstein himself drew attention to 
the existence of such polar pairs in the work and personality of outstand
ing scientists—and precisely in the one essay in which he came closest 
to asking the question raised here: wherein lies scientific genius? He 
was, of course, not referring to himself. His essay, entitled Afofm 
Fo?wAen.f, was delivered in 1918 as an offering in honor of his early 
mentor, friend, and colleague, Max Planck. Because it illuminates strik
ingly the questions at hand (and, by the way, could still serve as a mani
festo for many a scholar), a summary of Einstein's essay has been 
attached to this paper as an appendix. It will be noted that Einstein 
contrasts the "positive" and "negative" motives for doing research at 
that highest level, and the opposing demands of clarity and completeness, 
of logic and intuition, of private and public science.

If we now take it as granted that striking polarities exist, of both per
sonality and work, in this one case," we must ask next: are they im
portant or accidental? Earlier, we disavowed the idea that a plausible 
list of individual characteristics adds up to an explanation or even a 
characterization of genial scientists. If such singularities were not sig
nificant, why should polarities be? What special abilities do they convey 
to their possessor? Does a man of genius bring to bear upon his work 
the harmonies and disharmonies, the strengths and conflicts within his 
person—and the pressures and conflicts of his environment? Regardless 
of how a man like Einstein came to have his particular characteristics 
(that may in any case not be a very interesting question in the present 
state of such research), we can ask whether there was some special way 
in which he pat to M.!g these dichotomies and conflicting polarities.

We are encouraged to expect a positive reply to such questions if we 
notice the existence and brilliant exploitation of polarities in Enistein's 
zndmidMa! The most evident example is the presence and
use of contrast in the original relativity theory paper itself: we find there 
both the positivism of the instrumentalist and operationist variety, which
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Einstein uses in defining the concepts, and, on the other hand, the ra
tional realism inherent in the a priori declaration of the two basic 
principles of relativity (moreover, two apparently contradictory ones, 
introduced seemingly in arrogant disregard both of current scientific 
sensibilities and of the contemporary demand to base them plausibly on 
scientific experiments). Einstein himself acknowledged this ambival
ence. In response to the charge'" "Einstein's position . . . contains fea
tures of rationalism and extreme empiricism . . he replied, "This 
remark is entirely correct. . . .  A wavering between these extremes ap
pears to me unavoidable."

A similarly creative use of apparent opposites can be found in Ein
stein's contribution to quantum physics, centering on the wave-particle 
duality. It really is the hallmark of Einstein's most famous contributions 
that he could deal with, use, illuminate, transform the existence of ap
parent contradictories or opposites, sometimes in concepts that had not 
yet been widely perceived to have polar character. One need only think 
of his bridging of mechanics and electrodynamics, energy and mass, 
space coordinates and time coordinates, inertial mass and gravitational 
mass.

TAg .$:,g7M/ic<zMce o / Asymmgfry

We can now choose for detailed study a concrete example by means 
of which to find further hints on how personal characteristics interacted 
with scientific work. The example offers itself in fact at the very begin
ning of the basic 1905 paper on relativity theory. The title is On fAg 
Eiggfrodynamic  ̂ <?/ Afoning Bodiat, and neither there nor later on is 
the phrase "relativity theory" used. None of Einstein's papers has this 
phrase in the title until 1911, long after others began to refer to his work 
in that way. Indeed, it is of the essence to know that for the first two 
years Einstein, in his letters, preferred to call his theory not "relativity 
theory," but exactly the opposite: /nvarzaHtgntAgorM. It is unfortu
nate that this splendid, accurate term did not come into current usage, 
for it might well have prevented the abuse of relativity theory in many 
fields.

In the very first sentence of the paper, there is a term that attracts 
our attention, especially now that we have become sensitized to it by 
the previous discussion on polarities: "It is known that Maxwell's elec
trodynamics—as usually understood at the present time—when applied
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to moving bodies, leads to asymmetries which do not appear to be in
herent in the phenomena." It is not Maxweii's electrodynamics that is 
at fault; it is the way it is usually understood: a bold, not to say aggres
sive, statement from this relatively unknown young patent office em
ployee. And this usual way of understanding has led to—what? An 
experimental puzzle? No. A theoretical impasse? No. It leads to ajyw- 
melr:M that do not appear to be inherent in the phenomena.

For example, you may think of inducing a current in a conductor— 
as Einstein immediately does in the style of a little thought-experiment. 
To calculate what current to expect when the conductor is moving with 
respect to a stationary magnet, you must use one kind of equation. 
When you calculate again on the assumption that now you will keep 
the conductor stationary and let the magnet move, you must use a 
different kind of equation—although the current actually produced is 
found to be identical in both cases, as has been known ever since Fara
day first described the effect in 1831. The phenomenon is characterized 
by symmetry; but the machinery for calculation was characterized by 
polarity or asymmetry (until Einstein showed, later in the paper, how 
to "relativize" the problem so that the same equation may be used for 
both cases).

The importance of this passage, its historic veracity, and the fact that 
a very similar thought process led Einstein later to the General Theory 
of Relativity are brought out in a striking manner in parts of a hitherto 
unpublished manuscript in Einstein's handwriting, dating from about 
1919 or shortly afterwards, now located in the Einstein Archives at the 
Princeton Institute for Advanced Study, and entitled (in translation 
from the German) FMndamenlal /dear and Met Aodi of Reialinily 
T'Aeory, Presented in tAeir Development.

In the first nineteen pages of the manuscript, one finds largely an im
personal, pedagogic presentation of a familiar kind. But a persona! 
account appears, in a rather surprising way, on pages 20 to 21 which 
introduce Part II, entitled General Pelalivily TAeory:

(15) 7*Ae fundamental idea of general relativity tAeory in itr original 
form. In the construction of special relativity theory, the following, [in 
the earlier part of this manuscript] not-yet-mentioned thought concerning 
the Faraday [experiment] on electromagnetic induction played for me a 
leading role.

According to Faraday, during the relative motion of a magnet with
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with respect to a conducting circuit, an electric current is induced in the 
iatter. It is ail the same whether the magnet is moved or the conductor; 
only the relative motion counts, according to the Maxwell-Lorentz theory. 
However, the theoretical interpretation of the phenomenon in these two 
cases is quite different... .

The thought that one is dealing here with two fundamentally different 
cases was for me unbearable [war mir ancrfrdghcA]. The difference be
tween these two cases could be not a real difference but rather, in my 
conviction, only a difference in the choice of the reference point. Judged 
from the magnet, there were certainly no electric fields, [whereas] judged 
from the conducting circuit there certainly was one. The existence of an 
electric field was therefore a relative one, depending on the state of motion 
of the coordinate system being used, and a kind of objective reality could 
be granted only to the electric and magnetic /hid together, quite apart 
from the state of relative motion of the observer or the coordinate system. 
The phenomenon of the electromagnetic induction forced me to postulate 
the (special) relativity principle. [Footnote:] The difficulty that had to be 
overcome was in the constancy of the velocity of light in vacuum which 
I had first thought I would have to give up. Only after groping for years 
did I notice that the difficulty rests on the arbitrariness of the kinematical 
fundamental concepts [presumably such concepts as simultaneity].

When, in the year 1907, I was working on a summary essay concerning 
the special theory of relativity for the JA H R B U C H  FUR R A D iO A K n v iT A T  U N D  

E L E K T R O N iK , I had to try to modify Newton's theory of gravitation in such 
a way that it would fit into the theory [of relativity]. Attempts in this 
direction showed the possibility of carrying out this enterprise, but they 
did not satisfy me because they had to be supported by hypotheses without 
physical basis. At that point, there came to me the happiest thought of 
my life, in the following form:

Just as is the case with the electric field produced by electromagnetic 
induction, the gravitational field has similarly only a relative existence. 
For :'j one oon.n'den an ohreroer in /ree jail, e.g. jrom file roof oj a /mure, 
fiiere exMti /or Aim daring Ah jail no graaifafionai jieid—at ieait in An 
immediafe oicinify. (Italics in original.)

To return now to the clue that is offered by the use of the word 
"asymmetry" in Einstein's first relativity paper: at first glance it is surely 
curious that he used the term asymmetry for this apparent redundancy 
or lack of universality. Moreover, such terms as symmetry or asymmetry 
still referred at that time largely to aesthetic judgments, often thought 
to be the polar opposites of scientific judgments. In physics literature,
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symmetry arguments were quite uncommon (and even these are easier 
to And now in retrospect); the term itself was rarely used except in 
such branches as crystal physics. For example, the word symmetry is 
mentioned only casually in Mach's S C IE N C E  O F  M E C H A N I C S  (although 
the concept is used implicitly in discussions involving the Principle of 
Sufficient Reason, in a form traced by Mach to Schopenhauer). As 
late as 1929, the eleventh edition of the large encyclopedia of physics 
of Muller-Pouillet indexes only a single noncasual use of the symmetry 
concept outside crystal physics—and that is, naturally, the entry for 
symmetrical tensors, and refers to Einstein's general relativity theory 
itself. There is no entry for symmetry or asymmetry in the -SacAr^ghtef 
of the encyclopedic volume P H Y S iK  (E. Warburg, ed., B .  G. Teubner, 
Leipzig, 1915). Nor for that matter is there any such entry in the elev
enth edition of the E N C Y C L O P A E D IA  B R IT A N N IC A  (1910).

Only with the growth of the role of quantum mechanics, and more 
recently of elementary particle physics, has it become clear that the 
conservation laws of physics are closely connected with the concept of 
symmetry of space and time, as had been implicit in the Lagrangian and 
Hamiltonian methods of solving physical problems. And it is only with 
the help of hindsight that we have come to see, as Hermann Weyl" 
points out, that "the entire theory of relativity . . .  is but another aspect 
of symmetry," in the sense that "the symmetry, relativity, or homogeneity 
of this four-dimensional medium [the space-time-continuum] was Arst 
correctly described by Einstein. . . .  It is the inherent symmetry of the 
four-dimensional continuum of space and time that relativity deals 
with."

But all this was far in the future in 1905. In any case, Einstein's ref
erence to asymmetry at the start of his paper (and other references to 
symmetry in the rest of the paper) was not a symmetry consideration of 
the same kind as those just mentioned. Few physicists, if any, can have 
thought in 1905 that there was something of fundamental importance 
in the asymmetry to which Einstein pointed.

And if one considers how many troubles there were in electrodynam
ics at the time, it must have seemed peculiar indeed to seek out this 
quasi-aesthetic discomfort, and to put it at the head. What Einstein's 
perception of asymmetry at this point dogj show us, however, is his 
remarkable and original sensitivity to polarities and symmetry properties
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of nature that later became recognized as important in relativity theory 
and in contemporary physics generally.

From everything we now know about Einstein, we have also been pre
pared to understand that his desire to remove an unnecessary asymmetry 
was not frivolous or accidental, but deep and important. At stake is 
nothing less than finding the most economical, simple, formal principles, 
the barest bones of nature's frame, cleansed of everything that is ad hoc, 
redundant, unnecessary.^ To his assistant, Ernst Straus, Einstein said 
later: "What really interests me is whether God had any choice in the 
creation of the world." In fact, sensitivity to previously unperceived 
formal asymmetries or incongruities of a predominantly aesthetic nature 
(rather than, for example, a puzzle posed by unexplained experimental 
facts)-—that is the way each of Einstein's three otherwise very different 
great papers of 1905 begin. In all these cases the asymmetries are re
moved by showing them to be unnecessary, the result of too specialized 
a point of view. Complexities that do not appear to be inherent in the 
phenomena should be cast out. Nature does not need them.

And Einstein does not need them. In his own personal life, the legend
ary simplicity of the man is an integral part of this reaching for the 
barest minimum on which the world rests. I will not need to recall here 
the many stories about this simplicity. Even people who knew nothing 
else about Einstein knew that he preferred the simplest possible clothing. 
We noted that he hated nothing more than artificial restraints of any 
kind. He once was asked why he persisted in using ordinary handsoap 
for shaving, instead of shaving cream, despite the fact that it was clearly 
less comfortable for him to shave that way. He said, in effect: "Two 
soaps? That is too complicated!"

Two processes to describe the same effect of the induced current? 
That is too complicated. Nature does not work this way, and Einstein 
does not work this way. The overlap between the two was once expressed 
by Einstein in a humble sentence: "I am a little piece of nature." We 
have here an important clue to our question of what may be meant by 
the easy term "genius": /Acre a rantnaf mapping o/ /Ac m:n<f and h'/c- 
Vyfc o/ tA& .scicM/Mt, and o/ /Ac /azM o/ nature.

At the same time, the desire to remove an unwarranted "asymmetry" 
contains a clue to a second connection between Einstein's work and his 
person. The area that seems worth exploring lies where two studies meet: 
one is the well-known use of symmetry and asymmetry arguments in
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mathematics, particularly geometry, and the other is the investigation 
of mathematical and other thought processes in children by Wolfgang 
Kohler, Max Wertheimer, and others of that school.

ON TRYING TO UNDERSTAND SCIENTIFIC GENIUS

We know far too little about Einstein as a child, but he is commonly 
reported to have been withdrawn, slow to respond, quietly sitting by 
himself at an early age, playing by putting together shapes cut out with 
a jigsaw, erecting complicated constructions by means of a chest of toy 
building parts. Before he was ten, he was making, with infinite patience, 
fantastic card houses that had as many as fourteen floors. He is said to 
have been unable or unwilling to talk until the age of three. In an 
(unpublished) biography of Einstein, his sister Maja wrote in 1924: 
"His general development during his childhood years proceeded slowly, 
and spoken language came with such difficulty that those around him 
were afraid he would never learn to talk." Many pediatricians and psy
chologists might consider such evidence to indicate an almost backward 
child.

But it is coming to be more widely agreed that an apparent defect in 
a particular person may merely indicate an imbalance of our normal 
expectations. While it is patently absurd to think that a deficiency in 
one area "causes" or explains talent in another, a noted deficiency should 
at least alert us to look for a proficiency of a different kind in the excep
tional person. The late use of language in childhood, the difficulty in 
learning foreign languages—one remembers that Einstein failed in 
foreign languages at the GymttajtMtn and again at the entrance exam
ination in Zurich (one of the reasons for his having to go to the Kanton 
Schule in Aarau), that his vocabulary in English was fairly small—all 
this may indicate a polarization or displacement in some of the skill 
from the verbal to another area. That other, enhanced area is without 
doubt, in Einstein's case, an extraordinary kind of visual imagery that 
penetrates his very thought processes.

Although it seems to have been hardly noted so far, Einstein himself 
plainly signals this point early in his Aotgr. He asks,
rather abruptly:

What, precisely, is "thinking"? When at the reception of sense-impressions,
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memory-pictures [ErtnttcruugjMdcr] emerge, this is not yet "thinking." And 
when such pictures form series, each member of which calls forth another, this 
too is not yet "thinking." When, however, a certain picture [Z?dd] turns up in 
many such series, then—precisely through such return—it becomes an ordering 
element for such series, in that it connects series which in themselves are un
connected. Such an element becomes an instrument, a concept. . . .  It is by no 
means necessary that a concept must be connected with a sensorily cognizable 
and reproducible sign (word). . . . All our thinking is of this nature of a free 
play [cincr /reign ^ptch] with concepts. . . . For me it is not dubious that our 
thinking goes on for the most part without use of signs (words), and beyond 
that to a considerable degree unconsciously.

It is not accidental at all that this surprising passage comes just before 
Einstein tells of the two "wonders" experienced in childhood. One of 
these was the experience with the compass that we have mentioned. The 
other wonder, of a totally different nature, was the little book dealing 
with Euclidean plane geometry which, he recalled, was given to him 
at about the age of twelve. In this connection, Einstein described an 
early, successful use of his particular way of "thinking" in visual terms:

I remember that an uncle told me the Pythagorean theorem before the holy 
geometry booklet had come into my hands. After much effort I succeeded in 
"proving" this theorem on the basis of the similarity of triangles; in doing so 
it seemed to me "evident" that the relations of the sides of the right-angled 
triangle would have to be completely determined by one of the acute angles. 
Only something which did not in similar fashion seem to be "evident" appeared 
to me to be in need of any proof at all. Also, t/tc c&jectf ted/: m/n'cA geometry 
dealt teemed to he o/ no dt^erent type than the ohjeett o/ tenrery perception, 
"to/ned can he teen and touched." (Italics supplied)

The objects of the imagination were to him evidently persuasively 
real, visual materials, which he voluntarily and playfully could reproduce 
and combine, analogous perhaps to the play with shapes in a jigsaw 
puzzle. The key words are Bdd and Apt'ef; and once alerted to them, 
one finds them with surprising frequency in Einstein's writings. Thus, 
responding to Jacques Hadamard, Einstein elaborates the point made 
above:^

The words or the language, as they are written or spoken, do not seem to 
play any role in my mechanism of thought. The psychical entities which seem 
to serve as elements in thought are certain signs and more or less clear images 
which can be "voluntarily" reproduced and combined. . . . But taken from a 
psychological viewpoint, this combinatory play seems to be the essential feature
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in productive thought—before there is any connection with logical construc
tion in words or other kinds of signs which can be communicated to others. The 
above-mentioned elements are, in my case, of visual and some muscular typed* 
Conventional words or other signs have to be sought for laboriously only in a 
secondary stage, when the mentioned associative play is sufficiently established 
and can be reproduced at will.

Max Wertheimer, one of the founders of Gestalt psychology and a 
friend of Einstein, reports ^ that from 1916 on, in numerous discussions, 
he had questioned Einstein "in great detail about the concrete events in 
his thoughts" leading to the theory of relativity. Einstein told him, 
"These thoughts did not come in any verbal formulation. I very rarely 
think in words at all. A thought comes, and I may try to express it in 
words afterwards"; and later: "During all those years there was a feel
ing of direction, of going straight toward something concrete. It is, of 
course, very hard to express that feeling in words. . . . But I have it in a 
kind of survey, in a way visually."

In Einstein's published work, his visual imagination sometimes breaks 
through vividly. One thinks here, for example, of passages where he 
describes through experiments involving the picturesque tasks of co
ordinating watch readings, the arrival of light signals, the positions of 
locomotives and those of lightning bolts. Possibly Einstein's ability to 
deal with models and drawings in the patent office, and his own delight 
throughout his adult life with the workings of puzzle-toys, are additional 
clues of some significance. More important for our purposes, this ability 
of visualization is evident in the haunting thought experiment of the 
lightbeam, begun at Aarau, and even in the thought experiment pro
posed in his earlier essay of 1894-5, where he envisages probing the state 
of the ether in the vicinity of a current-carrying wire.

I have little doubt that the ability to make such clear visualizations of 
experimental situations was crucial in his task of penetrating to the rela
tivity theory (for example, in the argument leading to the relativity of 
simultaneity). It is so to this day. As anyone knows who has tried to in
struct students in relativity theory, the problem of getting a firm initial 
understanding of special relativity is not one of mathematics—at most, 
elementary calculus is required—but rather one of clear 
What helps a beginner most is precisely the ability to imagine vividly 
some thought experiments involving the perceptions and reports of two 
observers who are moving relative to each other. The style of thinking
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necessary at the outset is quite different from working, for example, 
through the machinery of a formalism such as characterizes the work 
of a Sommerfeid.

But in the long run, the strength of Einstein's visuai imagination was 
not limited only to such uses. Rather, the hypothesis here proposed is 
that the special ability to think with the aid of a play with visual forms 
has deeper consequences. It animates the consideration of symmetries 
and a corresponding distaste for extraneous complexities from the begin
ning to the end—from the result embedded in his 1905 paper that the 
Lorentz transformation equations yield "contractions" and "time di
lations" that are, for the first time, symmetrical for all inertial systems, 
to his long wrestling with the task of constructing a relativistic theory of 
gravitation, basing its held structure on a symmetric tensor g and the 
symmetric infinitesimal displacement tensor T, and finally to his self- 
imposed labors of finding a theory of the total held through the gen
eralization of giving up the symmetry properties of the g and T helds. 
From the beginning to the end, Einstein's scientific thought was per
vaded by questions of symmetry and the closely related concept of 
invariance.

But long before he wrote scientific papers, Einstein was Einstein— 
already at the age of three, playing silently, resisting verbal language, 
and refusing thereby to accept an externally imposed authority in names 
and rules by which many another child has had to "civilize" and give 
up his own curiosity and imaginative play. It is a world that by its very 
dehnition we hardly know how to describe. But it is the world in which, 
from all the evidence we have, the play with geometric and other visual 
images, and hence the perception of such transformation properties of 
forms as symmetry and asymmetry, appear to have been basic for the 
development of successful thought itself.

TAe HBC o/ Vhuaf I/MdgMtanding

The literature on the subject of the visual element of thought in chil
dren is small. This deprives us to some degree of one of the important 
strands in our net, and conversely alerts cognitive psychologists and edu
cators to a promising research topic. Rut there was one pioneer in this 
held who, in an unexpected way, now comes into our story. He is Johann 
Heinrich Pestalozzi, the Swiss educational reformer. Born in 1746 in
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Zurich, he was educated at the University of Zurich, and first tried farm
ing in a small town in the Kanton of Aargau. During the French in
vasion of Switzerland in 1798, a number of children were left without 
parents or food at Lake Lucerne, and Pestalozzi devoted himself to their 
care and education during that winter. In 1801 he published his ideas 
on education in the book W iE  G E R T R U D  iH R E  K I N D E R  L E H R T ,  and from 
then on he became a widely influential force in education. It is recorded 
that von Humboldt, Fichte, Mme. de Stael and Talleyrand visited him 
and his schools.

Basic to Pestalozzi's approach to education were the development of 
observation, the humanistic approach to each subject, the collaborative 
and sympathetic relation between teacher and student—and his view that 
"conceptual thinking is built on visual understanding ."
His method was, for that reason, to put the ABC of visual understanding 
ahead of the ABC of letters.

An excerpt from his book will give some indication of the approach 
followed in his own schools and in those that were founded under his 
influence:

I must point out that the ABC of visual understanding is the essential and 
the only true means of teaching how to judge the shape of all things correctly. 
Even so, this principle is totally neglected up to now, to the extent of being 
unknown; whereas hundreds of such means are available for the teaching of 
numbers and language. This lack of instructional means for the study of visual 
form should not be viewed as a mere gap in the education of human knowledge. 
It is a gap in the very foundation of all knowledge at a point to which the 
learning of numbers and language must be definitely subordinated. My ABC 
of visual understanding is designed to remedy this fundamental deficiency of 
instruction; it will insure the basis on which the other means of instruction 
must be founded.*?

The "quintessence" of Pestalozzi's fundamental book W i E  G E R T R U D  

iH R E  K I N D E R  L E H R T  was summarized by Albert Richter in these words'^:

1. The foundation of instruction is the TiMcAatning (visual understanding).
2. Speech (words) must be connected with the Anrc/nniMng.
3. The time of learning is not the time of judgment, of critique.
4. In every subject, instruction shall begin with the simplest elements, and 

from that point on be brought forward stepwise in accord with the develop
ment of the child—that is to say, in psychological order (sequences).

5. One must rest at every point as long as is necessary for the particular 
material of instruction to become the pupil's free mental property.
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6. Instruction has to follow the way of development, not the way of expos
tulation, memorization, information.

7. For the instructor, the individuality of his charge should be holy.
8. The main purpose of elementary instruction is not the acquisition of 

information and skills, but the development and strengthening of mental 
powers.

9. Ability should follow knowledge; then follows skill.
10. The interaction between instructor and pupil, and particularly school 

discipline, should be pervaded and guided by love.
11. Instruction should be subordinated to the purpose of education.
12. The foundation of moral-religious development of the child lies in the 

relationship between mother and childd̂
One notes the modern and humane ring of many of these guidelines. 

Still, Pestalozzi himself is quoted as having made this final assessment: 
"When I look back and ask myself, what have I really achieved for the 
cause of human instruction? I find this: I have firmly anchored the Arst 
and fundamental axiom of instruction in the recognition of ̂ 4?McAaMMHg 
as the absolute foundation of all knowledge."

At ,4araM

How different a school founded on such principles must have been 
from that which Einstein Aed when he left Munich as a boy of about 
Afteen—his regimented, militaristic school, so verbally oriented, and so 
deeply unappreciative of him as a student and as a person!

In the late summer of 1895, when Einstein arrived in Zurich to sit for 
the entrance examination to the Polytechnic Institute, he thought he had 
put all schools behind him. But then he failed the entrance examination, 
as we have noted. He had given up his native country and taken steps 
to renounce his citizenship, he had left his parents in Italy, he was a 
foreigner in Switzerland, he had failed to get into the Polytechnic Insti
tute. The dislocation was complete.

There ensued a kind of moratorium for this boy who seemingly had 
failed in many ways (except, always, in mathematics and physics). The 
next test being scheduled a year later, he was advised by the director of 
the Polytechnic Institute to enroll in the Kanton Schule at Aarau, thirty 
miles northwest of Zurich, in the capital of the Kanton of Aargau. There 
is no doubt that this was a crucial turning point—for while he was at that 
particular school, everything somehow changed for him, from getting 
his Arst great that led him to relativity, to Anding
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true friends—indeed, one of them, the son of the teacher Jost Winteler 
in whose house Einstein was a happy and beloved boarder, eventually 
married Einstein's sister, Maja. Later, Einstein's thoughts often and 
gladly turned to this school. He corresponded, and occasionally met, 
with several of his classmates for years afterwards. He mentions the 
school, and his obtaining his there, in his autobiographical note
of 1922 or '23, which he had to compose, as is the custom, on receiving 
the Nobel Prize, for official publication in Pnx TVo&eJ—even though,
characteristically, Einstein's essay is otherwise embarrassingly short— 
only fourteen lines. Just a month before his death he remembered his 
school again in these words: "It made an unforgettable impression on 
me, thanks to its liberal spirit and the simple earnestness of the teachers 
who based themselves on no external authority."""

Some of his teachers, particularly the science instructor Fritz Miihl- 
berg, seem to have interested and encouraged Einstein. There also ap
pears to have been an easy atmosphere, relaxed, informal and demo
cratic. In science instruction, too, the aims of general education and 
humanistic learning were kept foremost. The course prided itself not on 
memorization, but instead stressed the kind of work that would develop 
individual thinking. In addition to the more usual learning materials 
there were excursions, two kinds of drawing courses, work with speci
mens in the museum, and laboratory work. Maps and other visual 
materials seem to have been freely used.

These and other elements in the suggestive though fragmentary de
scriptions of the school by Einstein's most reliable biographers—Frank, 
Reiser and Seelig^—show that this school seems to have been charac
terized by many of the fundamental pedagogic guidelines laid down by 
Pestalozzi (even though in the course of time there almost inevitably 
will have been periods of rigidity in adhering to those principles, fol
lowed by periods of abreaction). This prepares us for the discovery that 
indeed the Kanton Schule of Aarau was first founded in 1802 by demo
cratic patriots/" reportedly acting in the spirit of Pestalozzi—just a year 
after the publication of Pestalozzi's manifesto, and while Pestalozzi him
self was running one of his schools at Burgdorf, less than fifty miles away. 
So it may not be an accident that Einstein became aware of the strength 
of his genial scientific imagination at this particular school; here, at last, 
he was in a place that did not squash, and may well have fostered, the 
particular style of thinking that was so congenial to him.

ON TRYING TO UNDERSTAND SCIENTIFIC GENIUS
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DgaNag zrAlA

We began by noting some odd contrasts and polarities that appear in 
the work and life-style of Einstein. We have added others: early failure 
and success, handicap in one direction and extraordinary ability in an
other. In discussing the role of simplicity and symmetry, we found 
one clue to genius in the proposition that there is, at least in this case, 
a mutual mapping of the habits and life-style of the genial scientist and 
of nature's own laws. The investigation of the circumstances surround
ing the GgdaaAeagxpgriwgKt at Aarau, from which the relativity theory 
grew, supports a more generalized phrasing of our initial hpothesis: 
At least in this particular case, fAgrg M a WMtMaf mapping o/ fAe jtyfg o/ 
?A:nA:ng gad acting o/ tAc gcniai jcicnfht on tAc one Aand, and fAe 
cAie/ Mnrcjoiocd pro&JenM o/ contemporary science on tAe otAer.

Thus, what seemed to us at first to be puzzling internal polarities in 
Einstein may equally well be viewed as talents for dealing with the 
dichotomies that often have turned out to be at the base of the most 
unyielding problems of science. For example, we have noted earlier 
that epistemologically the 1905 relativity paper oscillates between the 
positivism of the Machist kind, needed for the definition of the con
cepts, and, on the other hand, a rational realism needed for the a priori 
declaration of the basic principles of relativity, and that Einstein con
fessed later to harboring both of these extremes in his own thoughts. 
But to this day, it is virtually inconceivable that he, or anyone else, could 
have attained a genuine formulation of relativity without just these two 
contrasting elements.

Much good and even excellent science can be done in a more mono
lithic ways, neglecting or avoiding any evidence of conceptual dicho
tomies. But it is not often stressed that such dichotomies are by no means 
unusual in science. They exist from its smallest observational protocol to 
the most over-arching theory. Ascending from the lowest level, we note 
first the antithesis between the obvious, observable, palpable, limited, 
material object such as a magnet needle, and, say, the field in which it 
is caught—tenuous, invisible, appearing usually rather mysterious to 
the beginning student, but commanding, and stretching into infinity. A 
further step up, and there are conceptually antithetical pairs such as 
matter and energy, space and time, the gravitational and electromag
netic field—even the theoretical and experimental activity, and the
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parsimony of a good theory versus the infinite number of actuai cases it 
embraces.

Another step up, and we note the antitheses between the great the- 
mata—be it the continuum versus the discrete, or classicaHy causal law 
versus statistical law, or the mechanistic versus the theistic world inter
pretation. Such thematic antitheses, expressed in the great current 
puzzles of science, have haunted such scientists as Newton, Bohr and 
Einstein, even when lesser scientists could afford the luxury of avoiding 
such confrontations, and doing more comfortable work on thematically 
unambiguous problems—an activity similar to that which Einstein once 
dismissed as seeking the thinnest part of a board in order to drill one's 
hole there. After all, genius discovers itself not in splendid solutions to 
little problems, but in the struggle with essentially eternal problems. And 
those, by their very nature, are apt to be problems arising from thematic 
conflicts.

It has been lately fashionable in some quarters to think that physical 
science normally progresses by moving on the whole fairly calmly in one 
direction and in one stream bed, and that such progress is interrupted 
only at certain periods of great upheaval in science.

But this can be true only in a limited sense. Not far below the surface, 
there have coexisted in science, in almost every period since Thales and 
Pythagoras, sets of two or more antithetical systems or attitudes, for 
example, one reductionist and the other holistic, or one mechanistic and 
the other vitalistic, or one positivistic and the other teleological. In ad
dition, there has always existed another set of antitheses or polarities, 
even though, to be sure, one or the other was at a given time more 
prominent—namely, between the Galilean (or, more properly, Archi
medean) attempt at precision and measurement that purged public, 
"objective" science of those qualitative elements that interfere with 
reaching reasonable "objective" agreement among fellow investigators, 
and, on the other hand, the intuitions, glimpses, daydreams, and a 
priori commitments that make up half the world of science in the form 
of a personal, private, "subjective" activity.

Science has always been propelled and buffeted by such contrary or 
antithetical forces. Like vessels with draught deep enough to catch more 
than merely the surface current, scientists of genius are those who are 
doomed, or privileged, to experience these deeper currents in their com
plexity. It is precisely their special sensitivity to contraries that has

ON TRYING TO UNDERSTAND SCIENTIFIC GENIUS
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made it possible for them to do so, and it is an inner necessity that has 
made them demand nothing less for themselves.

This, it seems to me, is the direction in which to seek for answers to 
the question of why the Angel of the Lord chose them . . .  or, at least, 
chose one of them.

AcAnowladgmant

Early drafts of tAb paper were dbcuMed at tAe prycAobiograpAy reminar of 
Proferror Er:'A EriAroa at .SPocAbridge, MarraeAMrettr,' at Proferyor Dcre ArA- 
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âmbarrAy. 7 tAaaA tAe participants, and particularly Professor EriAmn, for 

illuwinating discussions. 7 also wbA to express my indebtedness to Miss 77eien 
DuAas and to tAe Estate of Albert Einstein for permission to cite from Einstein's 
writings.

FAb worA is part of a study sponsored by a grant from tAe National .Science 
Foundation.

A P P E N D I X

The following is a summary of Einstein's essay Motio des F orscA en s,^  with 
translation of key passages (in quotes). In this remarkable address, given in 
1918 in honor of Max Planck (and later mistranslated as Principles of Re- 
searcA), Einstein gave us what is perhaps the best autobiographical insight into 
his own view of the motivation for doing research in science. The analyses and 
suggestions given in the preceding pages may help in interpreting these charm
ing but intensely charged passages, and in turn may receive illumination from 
them.

"The Temple of science is a multi-faceted building." In it, many engage in 
science out of joy in Hexing their intellectual muscles, or for utilitarian ends. 
These are useful persons, to be sure, although external circumstances could 
easily have made them into engineers, officers, etc. If only such scientists ex
isted, "the Temple would not have arisen."

"If there now came an Angel of the Lord to drive these persons out of the 
Temple," few scientists would be left in it. But one of them would be Planck, 
"and that is why we love him."

Now let us turn to those "who found favor with the Angel." They are mostly 
"rather odd, uncommunicative, solitary fellows, who despite these common 
characteristics resemble one another really less than the host of the banished."

"What led them into the Temple? The answer is not easy to give, and can 
certainly not apply uniformly. To begin with, I believe with Schopenhauer
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that one of the strongest motives that lead men to art and science is Right from 
the everyday life with its painfui harshness and wretched dreariness, and from 
the fetters of one's own shifting desires. One who is more finely tempered is 
driven to escape from personal existence and to the world of objective observ
ing and understanding. This motive can be compared with the long
ing that irresistibly pubs the town-dweiier away from his noisy, cramped 
quarters and toward the silent, high mountains, where the eye ranges freely 
through the still, pure air and traces the calm contours that seem to be made 
for eternity."

"With this negative motive there goes a positive one. Man seeks to form for 
himself, in whatever manner is suitable for him, a simplified and lucid image 
of the world [B:'M dgr ITc/t], and so to overcome the world of experience by 
striving to replace it to some extent by this image. This is what the painter 
does, and the poet, the speculative philosopher, the natural scientist, each in 
his own way. Into this image and its formation he places the center of gravity 
of his emotional life, in order to attain the peace and serenity that he cannot 
find within the narrow confines of swirling, personal experience."

The theoretical physicists' picture of the world [Weit&iM] is one among all 
the possible pictures. It demands vigorous precision in the description of re
lationships. Therefore the physicist must content himself from the point of 
view of subject matter with "portraying the simplest occurrences which can be 
made accessible to our experience"; all more complex occurrences cannot be 
reconstructed with the necessary degree of subtle accuracy and logical per
fection. "Supreme purity, clarity, and certainty, at the cost of completeness."

Once such a valid world image has been achieved, it turns out to apply after 
all to every natural phenomenon, including all its complexity, and in its com
pleteness. From the general laws on which the structure of theoretical physics 
rests, "it should be possible to attain by pure deduction the description, that is 
to say, the theory of every natural process, including those of life, if such a 
process of deduction were not far beyond the capacity of human thinking. To 
these elementary laws there leads no logical path, but only intuition, supported 
by being sympathetically in touch with experience [Em/fi/tfung in dig Fr/a/t- 
rMTtg]." It is true that this uncertain methodology may in principle give rise to 
many systems of theoretical physics with equal claim; but in fact it has turned 
out that at any time just one such system is generally accepted to be decidedly 
superior. "Though there is no logical bridge from experience to the basic prin
ciples of theory," in practice it is agreed that "the world of experience does 
define the theoretical system uniquely. ... This is what Leibnitz termed happily 
'pre-established harmony.' Physicists accuse many an epistomologist of not 
giving sufficient weight to this circumstance."

"The longing to behold that pre-established harmony is the source of the
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inexhaustible perseverance and patience with which Pianck [and, we may add 
here, as throughout, Einstein] has given himseif over to the most general prob
lems of our science, not letting himself be diverted to more profitable and more 
easily attained ends. I have often heard colleagues trying to trace this attitude 
to extraordinary will power and discipline—in my opinion, wrongly. The state 
of feeling [Gc/tiALzMttand] which makes one capable of such achievements is 
akin to that of the religious worshipper or of one who is in love; his daily 
striving arises from no deliberate decision or program, but out of immediate 
necessity. . .."
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10 THE DUALITY AND GROWTH OF
PHYSICAL SCIENCE

g '' N  T H E  explosive growth of physical science during the iast fifty 
H; years, the old views on the manner in which science grows were 

among the earliest casualties. The ground is still shifting and the emer
gence of one dominating new view cannot as yet be expected. Whatever 
the compromises that may eventually be reached in a held now stretch
ing from Whitehead to Carnap, one type of observation will probably 
receive a great deal more attention than it was accorded in many pre
vious analyses. I am referring to the essential incongruities in science, 
which include the element of irrationality and contradiction in scientific 
discovery, the discrepancy between the precision of physical concepts and 
the flexibility of language, the conflict between the motivating drive and 
the rules of objectivity—in short, the whole complexity in the relations 
between the individual creative scientist on one hand and science as an 
institution on the other. After describing some of these problems in the 
following paragraphs, it may be possible to construct a model-mecha
nism for the growth of science which accounts for the presence and, in
deed, the of these incongruities.
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O n  fA c  N a fM rc  o /  D h c o p c r y

The statement that there is no singie scientific method has become a 
truism only rather recently. Until the latter part of the last century, sci
entists themselves seem to have thought quite generally that their dis
coveries were being made in some orderly, step-by-step fashion. In the 
P R iN c ip iA ,  Newton formulated four "Rules of Philosophy" which he 
then used frequently in his proofs; and in the Om ens, he gave a concise 
description of how a scientist should go about his business. That passage 
is worthy of close reading, for it has ever since been at the heart of all 
such recipes for the pursuit of science:

As in Mathematicks, so in Natural Philosophy, the Investigation of diffi
cult Things by the Method of Analysis ought ever to precede the Method of 
Composition. This Analysis consists in making Experiments and Observations, 
and in drawing general Conclusions from them by Induction, and admitting 
of no Objections against the Conclusions, but such as are taken from Experi
ments, or other certain Truths. For Hypotheses are not to be regarded in 
experimental Philosophy. And although the arguing from Experiments and 
Observations by Induction be no Demonstration of general Conclusions; yet 
it is the best way of arguing which the Nature of Things admits of, and may 
be looked upon as so much the stronger, by how much the Induction is more 
general. And if no Exception occur from Phaenomena, the Conclusion may be 
pronounced generally. But if at any time afterwards any Exception shall occur 
from Experiments, it may then begin to be pronounced with such Exceptions 
as occur. By this way of Analysis we may proceed from Compounds to Ingre
dients, and from Motions to the Forces producing them; and in general, from 
Effects to their Causes, and from particular Causes to more general ones, 
till the Argument ends in the most general. This is the Method of Analysis: 
And the Synthesis consists in assuming the Causes discover'd, and establish'd 
as Principles, and by them explaining the Phaenomena proceeding from them, 
and proving the Explanations.

The faith in an essentially simple method of science re-expressed itself 
during the following two centuries in all Helds of science, and even be
yond in philosophy and the social studies. It seemed that Newton had 
found a key to the problem of intellectual advance, and that the most 
convincing proof was the gigantic achievement of the master himself.

And yet, on looking into the history of science, one is overwhelmed by 
evidences that all too often there is no regular procedure, no logical 
system of discovery, no simple, continuous development. The process of
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discovery has been as varied as the temperament of the scientists. Of 
course, individual research projects are as a rule unspectacular, within 
their small scope fairly routine and logically consistent; but precisely 
some of the most important contributions have initially depended on 
wrong conclusions drawn from erroneous hypotheses, misinterpretations 
of bad experiments, or chance discoveries. Sometimes a simple experi
ment yielded unexpected riches, whereas some most elaborately planned 
assaults missed the essential effect by a small margin. Great men at times 
had all the "significant facts" in their hands for an important finding, 
and yet drew trivial or wrong conclusions; others established correct 
schemes in the face of apparently contradictory evidence. Even the work 
of the great heroes, viewed in retrospect, sometimes seems to jump from 
error to error until the right answer is reached; indeed, this gift must be 
one of the deepest sources of greatness.

One concrete example of the irrational element in scientific discovery 
will suffice here: John Dalton's formulation of the atomic theory in the 
1800's. Initially, Dalton had been interested in meteorology, and parti
cularly in the problem of why the gaseous constituents of the atmosphere 
are so thoroughly mixed despite the differences in their specific gravities. 
In reading Newton's P R iN C iP iA ,  Dalton had found the proof that :/ a 
gas consisted of particles repelling one another with a force proportional 
to the distance between them, then it would have to exhibit a reci
procal relationship between pressure and volume such as had been 
found by Boyle in actual experiments on existing gases. Dalton took 
this statement to be a j&roo/ of the proposition that real gases do indeed 
consist of particles endowed with the stated forces. Next he accepted 
the postulate, in natural accord with the contemporary caloric theory 
of heat, that each gas particle is surrounded by a sphere of caloric 
fluid, a fluid endowed with the quality of self-repulsion. Thirdly, he 
announced, partly on the basis of his own experiments, that the indi
vidual particles of one pure gas must differ in size from those of another 
gas. Finally, Dalton concluded that the thorough mixture of com
ponents in the earth's atmosphere was now explainable because mu- 
tually-repulsive contiguous particles of several different sizes would not 
be in equilibrium in strata. It is now well known that this work led 
Dalton to the epochal concepts of the chemical atom, atomic weight, 
the Law of Multiple Proportions, and so forth, but it is worthy of note 
that gacA and g^gry ong o/ Ah itgp  ̂<M gwga war /actaady wrowg
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or fog:oa%y znconiiŝ gML Newton's proof was a mathematical exercise, 
not applicable to real gases, and the contemporary theory of heat was 
soon to be overthrown, for the caloric fluid concepts contained inherent 
contradictions. Dalton's own experiments were frequently inadequate 
to support his conclusion, to say the least, and his final conclusion did 
not even follow from his own premises.*

Although it is of course only the master in his held who can turn to 
his full advantage the illogical and unexpected, the significant point is 
the growing recognition of the importance of these elements, e.g. in the 
findings of researchers on the psychology of invention that some of the 
outstanding theoreticians believe their conscious thought-processes to 
occur without the mediacy of communicable symbols or languages." At 
the least it has become clearer in our day that the pursuit of science is 
itself not necessarily a science.

O n  tA g  T V a tu rg  o /  C o n c e p t

If the first point be granted, consideration can be given to the second. 
It is an intentional juxtaposition: after the sometimes irrational or 
casual nature of discovery, the logical nature of physical concepts.

Three aspects of established physical concepts may be briefly noted. 
First, they are operationally definable in one form or another. Although 
this condition is in many ways restrictive, it is enormously successful in 
bringing disputing parties to a fairly precise point of agreement or dis
agreement. Therefore, the energies of investigators are now not reg
ularly drained off by misunderstandings and long battles concerning 
definitions and rules of procedure. There are indeed large areas of pos
sible disagreement among scientists, but such arguments can be re
solved, often by having recourse to some series of measurements which 
both disputants, rightly or wrongly, acknowledge at the time to be de
cisive. Surely one of the impressive features of modern physical science 
is the rapidity of settling most major differences of opinion in the held.

Operationally definable concepts, however, do not by themselves 
guarantee us a science. A second attribute of physical concepts is their 
largely quantitative character. This is not only true of concepts like 
valence or mass, but also more generally. For example, mgcAanzcaf 
cfyMzfz&rzMTTi is not measured in units of 3, 4, or 5, but it does correspond 
to the state in which a body has acceleration. More generally, a con-
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cept like gfgctrow, in actual use, is primarily a summary term for a whole 
complex of measurables, namely 4.8 X 10"*° units of negative charge, 
9.1 X 10*"s gram mass, and so forth.

There is a third characteristic of physical concepts, without which sci
ence would degenerate into a meaningless mass of data. Evidently the 
chaos of experience permits the formulation of an infinite number of 
concepts, all of them quantitative and meaningful in the operational 
sense; but it is its recurrence in a great many descriptions and laws, often 
in areas far removed from the context of initial formulation, that in
duces the selection of a particular concept. The meaning behind the 
statement that we "believe in the reality" of electrons is that the concept 
is at present needed so often and in so many ways—not only to explain 
cathode rays, the phenomenon that leads to the original formulation of 
the concept, but also for an understanding of thermionic and photo
electric phenomena, currents in solids and liquids, radioactivity, light 
emission, chemical bond and so on.

The observation that the established physical concepts are largely 
operatzoMa/, and dza t̂wly connected summarizes the severe
limitations on the scope of science. At the same time these three attri
butes combine into the most effective mechanism conceivable for assur
ing the rapid increase of the scientific enterprise, aiding in the 
unambiguous communication of problems, disagreements, and results, 
and knitting together the contributions of many men, separated though 
they may be by the barriers of disciplines, oceans, or centuries.

In this process of accounting for limitations and precision in the na
ture of concepts, a contradiction appears to have arisen. Science seems 
to depend on clear and prescribed types of concepts in one direction, and 
on a free license of creativity in the other. As H. D. Smyth has recently 
stated, "We have a paradox in the method of science. The research man 
may often think and work like an artist, but he has to talk like a book
keeper, in terms of facts, figures, and logical sequence of thought."

This dilemma is resolved—and here is the second central point—&y 
dMtingMMAiwg two a^ry &y f/u?

taorzf, "isrwncg": the first level of meaning refers to przaatc rczeace (let 
us term it Ji), the science-in-the-making, with its own vocabulary and 
modes of progress as suggested by the conditions of discovery. And the 
second level of meaning refers to ĉz'gzzcg (-Ŝ ), science-as-an-
institution, textbook science, our inherited world of clear concepts and
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disciplined formulations. Ai refers to the speculative, creative element, 
the continual Row of contributions by separate individuals, each work
ing on his own task by his own, usually unexamined methods, motivated 
in his own way, and uninterested in attending to the long-range philo
sophical problems of science. ^2, in contrast, is science as the evolving 
compromise, as the growing network synthesized from these individual 
contributions by the general acceptance of those ideas which do indeed 
prove meaningful and useful to generations of scientists. The cold tables 
of physical and chemical constants, the bare equations in textbooks, 
form the hard core, the residue distilled from individual triumphs of in
sight, checked and cross-checked by the multiple testimony of general 
experience.

This distinction between the two meanings of the same word, which 
appears to be helpful in allaying some serious confusions in methodolog
ical discussions, is often not adequately made by those who analyze 
science. Scientists themselves are largely responsible for that condition; 
for in formalizing an individual contribution for publication, it is part of 
the game to cover up the transition from the private to the public stage, 
to make the results in retrospect appear neatly derived from clear funda
mentals, until, as phrased in John Milton's lines, "so easy it seemed /  
Once found, which yet unfound most would have thought /  Impos
sible!" Months of tortuous, wasteful effort may be hidden behind a few 
elegant paragraphs, with the sequence of presented development run
ning directly opposite to the actual chronology, to the confusion of stu
dents and historians alike.

On .Motivation

The better to illuminate the duality of science by a speciRc example, 
a brief consideration of the complex problem of the motivation of scien
tists is now in order.

When Whitehead said, "Science can Rnd no individual enjoyment in 
Nature; science can Rnd no aim in Nature; science can Rnd no creativity 
in Nature," he may have referred to the stable aspect of science, but 
surely not to the transient one; that is, to A2, not <$i. CodiRed science is 
successful exactly in so far as it is indeed indifferent to human enjoyment 
and concerns; but the very opposite is true of the individual investigator. 
His creativity depends on a complete interpenetration of his person and



his work. His dedication may spring from some nonrationa), mystical 
or religious conviction which was often acknowledged in other years 
when scientists were freer with their personal secrets. For example, 
Galileo, a pious man, looked upon the laws of nature as proofs of the 
Deity equal to that of the Scriptures, and Newton revealed in a letter: 
"When I  wrote my treatise [ P R iN C iP iA ]  about our system, I  had an eye 
upon such principles as might work with considering men for the belief 
of a Deity; and nothing can rejoice me more than to find it useful for 
that purpose."

Although obvious cases like Kepler, Newton, and J. R. Mayer are 
rare, the nonrationa! substructure and the motivating forces manifest 
themselves in various other ways. Consider that ancient trend in science, 
the preoccupation and satisfaction with laws involving integral num
bers. At the very outset of Galileo's historic work on the law of free fall, 
we find him drawing prominent attention to this fact.

Throughout the development of physics and chemistry and to the 
present day similar references are encountered. The work of Bode, Do- 
bereiner, Balmer, and many of their respective contemporaries some
times bordered on sheer play with numbers. A faint trace of this attitude 
re-emerges today in the use of "magic numbers" in nuclear theory—a 
term perhaps more suggestive than is generally assumed.

Of the multitude of supporting examples the following extract is 
sufficiently representative. Wolfgang Pauli, on accepting the Nobel 
Prize, 1945, was speaking of his great teacher's early work on line 
spectra:

Sommerfeld however preferred . . .  a direct interpretation, as independent 
of models as possible, of the law of spectra in terms of integral numbers, 
following as Kepler once did in his investigation of the planetary system, an 
inner feeling for harmony . . . .  The series of whole numbers 2, 8, 18, 32 . . . 
giving the length of the periods on the natural system of chemical elements, 
was zealously discussed in Munich, including the remark of the Swedish 
physicist Rydberg that these numbers are of the simple form 2tt̂ , if n takes 
on an integral value. Sommerfeld tried especially to connect the number 8 
with the comers of a cube.

Apart from the preoccupation with theistic or numerical propositions, 
there are several other types of driving forces in scientific work. One of 
these is exemplified by Count Rumford's explanation why he could not 
accept the caloric theory after "the fact of the transmission of heat
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through the Torricellian vacuum was established beyond any doubt": 
"I must freely confess that, however much I might desire it, I never 
could reconcile myself to it [the caloric theory], because I cannot by any 
means imagine how heat can be communicated in two ways entirely 
different from each other."

It was a wrong reason for rejecting a fallacious theory. But this in
ability to allow two different mechanisms for conduction and radiation 
illustrates the common and powerful drive toward a holistic world pic
ture. New conceptual schemes tend to be simple and unitary even 
though reason may tell us that theories have generally become more 
correct by becoming more complex.

Finally one may illustrate the powerful hold of a fourth "nonscien- 
tific" preconception with a quotation from Max Planck, who revealed in 
his autobiographical notes that it appeared to him that the independ
ence of black body radiation from the physical and chemical nature of 
the emitter "represents something absolute, and since I had always re
garded the search for the Absolute as the loftiest goal of all scientific 
activity, I eagerly set to work." It might by said that the foundations of 
quantum theory were laid under metaphysical auspices.

The avowed motivation of many other scientists appears equally 
startling. Surely it is precisely because the drive toward discovery is in a 
sense irrational that it is so powerful, even under the most adverse con
ditions. The very progress of science has often depended on what might 
have been noted at the time as the dogged obstinacy of its devotees, and 
what is now renamed their inspired tenacity. Names like Faraday and 
Joule come to mind instantly in this connection.

Inevitably there arises a serious question in such a recital: do not such 
personal and varied involvements endanger the very business of science, 
the search for "objective truths"? The resolution of this paradox is il
luminating. Consider, as the specific example, the case of Eddington, 
who had such strong convictions that he could write a "Defense of Mys
ticism." Whether or not his persuasion was "meaningless" from the 
point of view of public science (N̂ ) it may have been the mainspring of 
his devoted search for truth. What is here important is that in his volu
minous and distinguished scientific writing no overt sign of his personal 
mysticism can be found, nothing that might not equally well have been 
written by a gifted investigator with exactly the opposite metaphysical
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orientation, or even by one belonging to the "hard-boiied" school, quite 
indifferent to such questions.

This then is the third main point. In modern science persona! persua
sions no longer intrude explicitly into the published work, not 
tAey do wo? gvht—on the contrary, they are as essential in -S*i as they ever 
were— m .S'2, f/toy arg wow g<?Hgra//y nog/ected. Few scien
tists can forget the story of Julius Robert Mayer who came close to com
plete oblivion when he attemped to support his work almost entirely 
with that preposterous mixture of bad logic and bad metaphysics which 
had in fact led him to his conclusions. If he has become immortal, it is 
thanks to the fact that his inspired idea of the existence of a general Law 
of Conservation of Energy found champions who gave it theoretical ex
tension and experimental confirmation.

The fruitlessness of metaphysical discussions in the sciences has finally 
brought about a curious case of atrophy; the personal metaphysical 
tenets of scientists, although sometimes very strong, are in a free society 
generally so varied, so vague, in fact technically so inept that in a sense 
they cancel out. We may go one step further, and state that even though 
a science (<S*i) without a metaphysical substructure has never been pos
sible, it may be argued that our science (^2) will be healthy only so long 
as our scientists formally remain poor metaphysicians. In only those 
places where one codified, generally accepted set of dogmas exists—as 
in some of the old scholastic universities or in modern totalitarian states 
—can an extraneous and ultimately detrimental idea in a scientific 
publication still survive the scrutiny of colleagues.

On GroHdA

As contrasted with his largely unconscious motivations and proce
dures, the intellectual discipline imposed upon the physical scientist is 
now quite as rigorously defined as the conventionalized form for re
search papers. This superposition of discipline and convention upon the 
results of free creation represents a dualism in the work of the scientist 
which runs parallel to the dualism in the nature of science itself. I be
lieve that the argument may be extended to explain the present form of 
the scientific activity, and perhaps even its spectacularly successful 
growth. Starting with the key recognition of a distinction between the
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two meanings of science, the difference between A, and 2̂ is comparable 
to the double interpretation given to animal species—either as a group 
of diverse struggling individuals or as an abstraction catalogued and de
scribed in zoology texts at the present stage of evolution.

I find it helpful to regard science as a growing organism analogous to 
a biological species, for the growth in both cases depends to a large ex
tent on the operation of four quite analogous mechanisms. First, there 
is a mechanism of continuity; both a species and a science can persist 
only if there is some stable method for transmitting the structure in a 
definite way from generation to generation. In biology the principle of 
continuity is found in the processes of heredity based on the highly 
specific nature of the genes, and in science continuity is identifiable with 
the specific operational and quantitative nature of important concepts. 
Without this measure of unambiguous continuity, scientists could not 
communicate their work to one another and to their pupils. It is not 
merely a truism that the convenience and freedom of communication is 
vital to the existence and growth of knowledge. The zealous secrecy with 
which the alchemists guarded their results doomed their efforts to col
lective stagnation and was one of the reasons for the delay in the rise of 
modem chemistry. Again today the growing imposition of secrecy in 
basic research (when it is done under military sponsorship) is raising 
fears that the arteries of science are being dangerously constricted.

Modifying the first mechanism is a second, the mechanism of mu
tation, the constant opportunity for individual variations. In the case of 
biological species, of course, the process of mutation is made possible by 
various chemical and physical influences on the genes, and on chromo
some partition and recombination; in science, mutations are assured by 
its essential freedom and by the boundless curiosity of the human mind. 
Scientists have always vigorously defended the right to pursue any 
promising lead, to publish and to exchange scientific information freely. 
More than most groups they know that truths can be found only on the 
free market place of ideas. And this accentuates again the vital impor
tance of academic institutions and foundations which enable men to 
follow the unpredictable paths of knowledge without constraint or in
terference.

A third mechanism in the growth of science is multiplicity of effort. 
To assure continuity and growth despite the low rate of occurrence of 
really great modifications, and in the absence of some obvious single

ON THE GROWTH OF PHYSICAL SCIENCE

410



master plan by which to proceed, science and the species alike must rely 
on a iarge number of individual attempts, from which may ultimately 
emerge those few types that are indeed useful. The uncountable fossils 
of bygone members of the species, like the uncountable pages of the in
dividual scientific researches of the past, are mute testimonies of the 
wastefulness of the process of evolution. It would seem that apart from a 
favorable environment in which to grow, knowledge, like many zo
ological types, must be present in amounts larger than some threshold 
value; but given that condition, a free science, ever productive of its 
own tools for further advancement, tends to become a self-perpetuating 
or even an explosive chain reaction.

Finally, a selection mechanism is at work in the growth of science 
whereby certain of the seemingly innumerable contributions and un
predictable mutations are incorporated into the continuous stream of 
science—a conflict among ideas not greatly different from the fight for 
existence in living nature which permits a species to adapt itself to a 
changing environment. The survival of a variant under the most di
verse and adverse conditions is mirrored in science by the survival of 
those discoveries and concepts that find usefulness in the greatest va
riety of further applications—of those conceptual schemes that with
stand the constant check against experience.

The operation of this selection mechanism appears most forcefully 
in the historical controversies attached to our basic theories, that is, to 
the theories that contained the new, often implausible assumptions. 
As Whitehead reminds us, all truly great ideas seemed somewhat absurd 
when first proposed. Indeed, they may be called great ideas precisely 
because it took the unusual mind to break through the pattern of con
temporary thought, to discern the truth behind its mask of a grotesque 
or trite disguise, to dare propose the unbelievable or question the 
obvious. Almost every great innovator, from Copernicus to Niels Bohr, 
has had to meet initially the skepticism or active opposition of his 
colleagues.

In the light of those triumphs, is the scientific fraternity not unreas
onably conservative? Not at all. Conflict is a fundamental necessity in 
the evolution of ideas. We must not permit our judgment to be distorted 
by references to stories with famously happy endings. After all, Galileo 
might have been wrong; with Newton yet to come, his insistence and 
insight were far less convincing and important then than they appear
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now. The more urgent fact is that "revolutionary" ideas arise only very 
rarely compared with the large number of workable or even great ideas 
conceived within the fradiaonaf setting, so that the individual scientist 
is wisely predisposed to favor the type of advance which he knows and 
believes in from personal experience. He, rather like Galileo's oppo
nents, quite rightly must defend his fundamental concept of nature 
against large-scale destruction, particularly at the earlier stages when 
the innovators cannot present very many results and confirmations of 
their new ideas.

Sometimes, indeed, the discoverers themselves are so strongly com
mitted to established ideas, so startled by the implications of their new 
results, that they predict the storm of condemnation, or even hesitate 
to draw the final conclusions. The most famous recent instance was 
Hahn and Strassmann's statement on the brink of their experimental 
discovery that neutron bombardment of uranium results in nuclear fis
sion : "We cannot yet bring ourselves to make this leap, in contradiction 
to all previous lessons of nuclear physics."

On returning now to our argument from the evolutionary processes 
governing the growth of science, the significance of the bitter struggles 
that new theories may create within science can be appreciated more 
fully. The fitness of new knowledge, like the fitness of a species, is most 
convincingly demonstrated and most advantageously molded by vigor
ous contest. The situation outside the sciences is not so very different; 
predominant religious and social concepts have not developed quickly 
or conquered quietly. In order to change the direction of development 
in a field of learning, people's minds must be changed. Even in science 
this is a slow process, sometimes an impossible one. Max Planck said, 
with perhaps only a little too much bitterness about his own early 
struggles: "An important scientific innovation rarely makes its way by 
gradually winning over and converting its opponents: it rarely hap
pens that Saul becomes Paul. What does happen is that its opponents 
gradually die out, and that the growing generation is familiarized with 
the ideas from the beginning." And as if to prove his point, it was 
Planck himself who, five years after Einstein's first publication on the 
photon theory of light, angrily commented that all the fruits of Max
well's great work would be lost by accepting a quantization of energy 
in the wavefront "for the sake of a few still rather dubious speculations."

These are examples of the conflicts which may find a central place
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in a modem understanding of the structure and development of sci
ence. Although our particular evolutionary view is based on a heuristic 
model which calls for considerable expansion, it does gather up a satis- 
fyingly large number of problems, and provides yet another basis for 
the great moral which the progress of science teaches its students: faith 
in the marvelous ability to arrive eventually at truths by the free and 
vigorous exchange of intelligence.

NOTES

1. Fuller details are well developed in Leonard K. Nash, THE ATOMIC 
MOLECULAR THEORY, Cambridge: Harvard University Press, 1 9 5 0 .  Other 
examples of this sort will be found in the other Case Studies which the 
Harvard University Press has been publishing under the editorship of Mr. 
Conant. See also Gerald Holton, IN T R O D U C T IO N  TO C O N C E P T S  A ND T H E O R IE S  

IN  P H Y S IC A L  S C IE N C E , (Cambridge: Addison-Wesley, 1 9 5 2 ) ,  Chapters 1 7 - 1 9 .

2 . See, for e x a m p l e ,  W. I .  B. Beveridge, T H E  A R T  OF S C IE N T IF IC  IN V E ST IG A 

T IO N , New York: W. W. Norton & Co., 1 9 5 0 .

THE DUALITY AND GROWTH OF PHYSICAL SCIENCE

413





11 MODELS FOR UNDERSTANDING
THE GROWTH OF RESEARCH

g n S S n E  F A C T  that an important social invention has occurred, one 
jgSHjthat is destined to transform a part of society, sometimes goes 
unrecognized for a surprisingly long time. A case of this sort was the 
nineteenth-century development of science as a profession. Another case 
exists at present. It is to be found in the particular way by which sci
entists have come to organize and coordinate their individual research 
pursuits into a fast-growing commonweaith of iearning. The new pat
tern for doing basic research in science is worth studying for its intrinsic 
merits. This essay hopes to sped out what it now means to be active in 
basic scientific work.

There are more important reasons still for sketching here the opera
tion of this new commonwealth of iearning. One reason is the fact that 
this pattern carries specific iessons for the conduct and organization of 
effective schoiariy work in any fieid, no matter how different or remote 
from science it may be and must remain; one such iesson shouid be in 
the definition of a scaie for measuring the adequacy of support. The 
second reason is, converseiy, the realization that scientific work may 
best be understood as one of the products of the genera! inteiiectuai
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metabolism of society, and hence that in the long run the growth of 
science depends critically on the growth of all fields of scholarship.

T/te /or GrorofA

As a profession, science has been remarkably little studied, except for 
a handful of books and reports that seem to be covered over by the grow
ing flood of changing statistical data. I shall choose basic research in 
physics as carried on today in the United States to characterize some 
common features of all the sciences. The choice is quite appropriate 
from several points of view. For example, the number of its academic 
practitioners has not grown at an inordinate rate compared with other 
fields of study. In the year 1914 there were only 23 doctorates awarded 
in physics in the United States out of a total of 505 for all fields, 244 of 
which were in science.* At that time, the Ph.D. degree granted in physics 
amounted to 4.6 percent of all Ph.D. degrees for the year, or 9.4 percent 
of those in all the sciences. Remarkably enough, a recent survey shows 
that half a century later we have virtually the same proportions. The 
484 Ph.D. degrees in physics accounted for 5.1 percent of all Ph.D. 
degrees, and for 9 percent of all those in science."

The great rise of research output in physics in the last half century 
did not entail a corresponding loss of numbers in other areas. Indeed, 
in a sense, there has been a relative decrease in the number of basic- 
research physicists, since now one-half of all new Ph.D.'s in physics are 
heading for governmental or industrial research and administration 
employment for which there was no equivalent in previous years and 
where a much smaller fraction of men are doing basic research than 
are in academic employment.  ̂Thus the remaining group of Ph.D.'s in 
physics is of intermediate size—that is, it is comparable to the graduat
ing Ph.D. classes in history, political science, mathematics, religion, or 
English literature.* Those who do not stay in the academic life serve, 
of course, to link physics to applied science, as is also the case in the 
larger fields of chemistry and biology.

Physics is a good profession to choose for this analysis because there 
exists an immense variety in the group, from the man in the small college 
who, with two or three colleagues, does all the work of the department 
and still finds time to think about new physics, to the man whose full 
time is spent in the laboratory of a large research institute. Any two 
physics-research projects picked at random are likely to have less in
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common with each other than does the statistical average of ail physics 
research compared with the statistical average of almost any other ex
perimental science. And yet there is in this group, taken as a whole, a 
strong sense of cohesiveness and professional loyalty. Despite the variety, 
despite the specialization that makes it difficult to follow what is being 
done in the laboratory next door, despite the important differences be
tween basic and applied, large and small, or experimental and theoreti
cal physics, its practitioners still clearly conceive of themselves as doing 
in different ways work in one identifiable field. There are no large cleav
ages and disputes between sizable factions representing fundamentally 
different styles.

If we first focus specifically on the professional life of a representative 
physicist, it is essential to remember at the outset the brevity of time in 
which basic research on a significant scale has been done in this country, 
or, for that matter, anywhere. The word "scientist" itself did not enter 
the English language until 1840. Until about the turn of the century, the 
pattern was that of work done by isolated men. Experimental research 
was often financed with one's own funds. Even in a relatively large de
partment, advanced students were rare. Thus, Harvard University, one 
of the earliest in the United States to grant Ph.D. degrees in physics, had 
a total of six theses before 1900, and thereafter an average of about two 
per year until World War 1. During that war, it has been reported, 
"there was no classification of physicists. When the armed forces felt the 
need of a physicist (which was only occasionally), he was hired as a 
chemist."  ̂Having an adequate laboratory space of one's own in most 
universities was an unfulfilled wish even for the outstanding experimen
talist—though this applied more to Europe than to the United States. 
For example, in 1902, at the peak of their research, four years after their 
discovery of polonium and radium and after many years of pleading for 
more space in which to do their extensive chemical and physical work, 
the Curies still had only their old wooden shed at Rue Lhomond and 
two small rooms at Rue Cuvier. On being proposed for the TegtoH 
dTfoHngMr, Pierre Curie wrote to Paul Appell: "Please be so kind as to 
thank the Minister, and inform him that I do not feel the slightest need 
of being decorated, but that I am in the greatest need of a laboratory."

The growth of science between the wars needs little discussion. The 
driving force was in part the needs of an increasingly sophisticated, 
technologically oriented, competitive economy, and in part the sheer
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excitement induced in more and more students (drawn from a widen
ing base in the popuiation) by beautiful ideas ever more rapidly re
vealed, such as the quantum theory and early nuclear physics. But the 
rate at which exciting ideas are generated is correlated with the ability 
of a Held of study to "take off" into self-amplifying growth.

To the economic and intellectual stimuli of earlier days the Second 
World War added the new stimulus of the threat of nuclear power in the 
hands of the Germans, who had been the foremost nation in scientific 
achievement. Einstein's letter of 1939 to President Roosevelt dates the 
moment after which the scale of research support changed in a surpris
ingly short time by more than an order of magnitude. Since 1940, Fed
eral funds for science alone have grown over one hundred-fold.^

What mattered here, however, was really not so much the hot war and 
the cold war, for wars by themselves had not in the past unambiguously 
promoted the growth of science. Rather, it was a development un
precedented in recorded history: the demonstration that a chain of 
operations, starting in a scientific laboratory, can result in an event of 
the scale and suddenness of a mythological occurrence. The widespread 
fascination and preoccupation with science—in itself an essential ele
ment in its continued growth—find here their explanation at the ele
mental level.

In our society there had always been a preoccupation with the scien
tific hero who comes back with a major revelation after having wrestled 
with his angel in self-imposed isolation (i.e., Newton, Rontgen) or in 
relative obscurity (i.e., Curie, Einstein). Now, a whole secret army of 
scientists, quartered in secret cities, was suddenly revealed to have found 
a way of reproducing at will the Biblical destruction of cities and of 
anticipating the apocalyptic end of man that has always haunted his 
thoughts. That one August day in 1945 changed the imagination of 
mankind as a whole—and with it, as one of the by-products, the amount 
of support of scientific work, including accelerators, field stations, ob
servatories, and other temples.

To a physicist, nothing is so revealing as relating qualitative changes 
to quantitative changes. Man can cope surprisingly well with large rates 
of change in his environment without himself changing significantly. 
His psyche can take in its stride rapid rearrangements in the mode of 
life—collectively, for example, those owing to a large increment in the 
life span, and, individually, those owing to great deterioration of health.
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Precipitous changes of condition over fairiy short periods are well- 
tolerated. But the traumatic experience of owe brief, cataclysmic event 
on a given day can reverberate in the spirit for as long as the individual 
exists, perhaps as long as the race exists. Hiroshima, the flight of Sputnik 
and of man in space—these were such mythopoeic events. Every child 
will know hereafter that "science" prepared these happenings. This 
knowledge is now embedded in dreams no less than in waking thoughts; 
and just as a society cannot do what its members do not dream of, it can
not cease doing that which is part of its dreams. This, more than any 
other reason, is the barrier that will prevent scientific work from retreat
ing to the relative obscurity of earlier days.

fT/:o Trg tAc AciewtbL!? T Cojc

The element of discontinuity in the general experience of our time 
merely reinforces the discontinuities in the experiences of contemporary 
science. The rate at which events happen is again the important vari
able. For, when a field changes more and more rapidly, it reaches at 
some point a critical rate of activity beyond which one has to learn by 
oneself, not merely the important new ideas, but even the basic elements 
of one's daily work. This is now true of many parts of physics and of 
some other fields of science, not only for the most productive and in
genious persons, but for anyone who wishes to continue contributing. 
The recent past, the work of one or two generations ago, is not a guide 
to the future, but is prehistory.

Thus the representative physicist is far more his own constantly 
changing creation than ordinary persons have ever been. His sense of 
balance and direction cannot come from the traditional past. It has to 
come from a natural sure-footedness of his own—and from the organism 
of contemporary science of which he strongly feels himself a part. None 
of the novels or the representations in the mass media which I have seen 
have portrayed him with success, perhaps because they missed the fact 
that this is the component that really counts.

Though I am referring to statistical data, the man I have selected to 
typify my comments is not a statistical average but rather a summary of 
traits, each of which is well-represented in the profession and all of 
which, taken together, will be generally agreed to among physicists as 
representing a worthy and plausible specimen. I go into some detail,

419



partly because not only the novelists but even the anthropologists have 
so far failed to penetrate this part of the forest to provide a good de
scription of the new tribe. But I also want to make a basic point about 
the humane qualities of training and professional life. First of all, I note 
that our man, like the majority of his colleagues, is young, perhaps 
thirty-five years old, or just three years short of the median age of 
fulltime-employed scientists in the United States/ Even so, he has al
ready had nine years of professional experience and increasingly creative 
work, having finished his thesis at the age of twenty-six, after a graduate 
study period of about four and a half years/ In completing this work, like 
25 percent of all physics graduate students in the country/ he was sup
ported by fellowships. During his last two years he worked on a re
search assistantship, helping an experimental group in the construc
tion of a new type of beta-ray spectrometer and submitting as his thesis 
early measurements he made with it in connection with this work/" 
Thus, like the majority of graduate students in physics, his education 
was financed from the outside and proceeded without significant delays.

After graduation, he hoped to obtain a postdoctoral fellowship—per
haps the best way for the really good scholar to consolidate his grasp of 
his material and to map out a held for himself before plunging into the 
routine of professional life. But there are not yet enough such programs, 
and he did not receive an award. He found a position at a middle-sized 
university. In selecting academic life—the only aspect of the profession 
to be treated here—he has become one of approximately 8,000 physicists 
in colleges and universities, as against twice as many working in industry 
and half as many in the government/*

He knows from folklore that in 1945 there were only a few really 
good departments of physics in the United States; but now there are 
some thirty universities with research programs lively enough to yield 
between five and forty-three theses each year,^ and there are many 
more good small departments. The availability of funds has helped 
to spread excellence in basic research widely and rapidly. He would 
have an even larger choice in liberal arts colleges, but he has become 
rather used to cooperative experimental research of the size and with the 
tools that are usually associated with the larger universities. Significantly 
enough, there are twice as many physical scientists on the faculties of 
universities as in liberal arts colleges; they form a larger fraction of the 
total faculty on campus; and—most important for this particular ex-
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perimentalist—whereas the average libera! arts college employs one non
faculty professional staff person in physical science for every ten physical 
science faculty members, at the average university the proportion is 
better than one to one." This implies much better backing from techni
cal personnel in universities, particularly for those inclined to do large- 
scale experimentation; however, the ratio in some colleges will probably 
soon improve, when the regional joint facilities now being developed 
among colleges in several areas are completed.

Our physicist has to his credit a number of publications—several short 
papers and one long review paper. He is considered a productive person, 
interested in one of the main excitements (which to him has recently 
become an experiment in the held of high-energy physics), and, to some 
degree (less than one would perhaps like) in his undergraduate stu
dents. These he meets relatively rarely by the standards of his predeces
sors. One formal lecture course, more rarely two, is a typical class schedule 
for a physics professor at a major university; it allows sufficient time for 
work, for contact with graduate students, and for the long seminars 
with colleagues in which one carries on one's continuing self-education. 
Summers are given by members of his small group to research on the 
same contract with the government agency that sponsors the project. 
During these months there may be some extra salary for faculty and as
sistants. When necessary, there are trips to one of the seven major lab
oratories sponsored by the Atomic Energy Commission but administered 
for unclassified academic research by a regional group of universities.**

These circumstances, to repeat, are not typical of all scientists, but 
representative of a type of new scientist now often encountered. What is 
emerging is the picture of a research-minded scholar who lives in a world 
that has arranged fairly adequate support to help him carry through his 
ideas whenever such help is possible. This help shows up in a number of 
other important (or even quite trivial) ways. For example, postdoctoral 
fellowships bring good research talent at no extra cost to the project, for 
a year or two at a time. Or when an important article in a Russian-lan
guage journal appears, it will be found in one of the translation journals 
of the American Institute of Physics.

An insight into the sources from which basic-research sponsorship 
usually comes and the places where the work is done may be obtained 
by a quick count of the acknowledgments cited in the program abstracts 
for a recent meeting of the American Physical Society." Of the 480
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papers contributed, 18 percent are from colleges and universities with
out indication of foundation or government support; 43 percent ac
knowledge such support (from the National Science Foundation, the 
Atomic Energy Commission, the United States Air Force, the Office of 
Naval Research, the National Aeronautics and Space Administration, 
or others) ; 21 percent are papers on basic research done in and largely 
financed by industry; 16 percent were done in government (including 
national) laboratories by persons employed there; and the remaining 2 
percent include sponsorship from private foundations such as Sloan and 
Ford.

Our man's federally funded contract, therefore, is financed quite 
typically; it is not a large contract, and of course no part of the work is 
hampered by restrictions on publication nor, indeed, does it have any 
directly foreseeable applications to defense activities.*" The amount of 
the grant available to our man and to a senior colleague and collaborator 
who is acting as "principal investigator" is perhaps $46,000 for a two- 
year period. About half this sum is for the purchase and construction of 
equipment; the rest is largely for services, including graduate student 
research assistants. Though the original request for funds was consider
ably cut, there is enough to pay for some work by the machine shop, 
electronics technicians, secretarial help, the draftsman's office or the 
photographer, and for publication and reprint charges. The contract 
support, therefore, is adequate.

Our physicist is better off than a considerable number of other aca
demic physicists in less convenient circumstances. Many, in smaller 
colleges particularly, are hard-pressed. And, on the other hand, this man 
is perhaps not differently situated from many an equally talented and 
productive young man or woman in fields outside the sciences. None
theless, it is clear by the standards of the recent past in physics itself that 
here is a new type of scholar. Indeed, he and each of many colleagues 
like him has available for life the security, means, and freedom to do re
search that Alfred Nobel hoped to give by his prize to the few outstand
ing persons in the field. Most signihcantly, our new scientist is new in 
that he does not regard himself as especially privileged. To be sure, there 
is much anxiety at each application for new or renewed funding for 
research support, and there may be periods of real scarcity. But on the 
whole the facilities for doing creative work are being accepted and used 
by him without self consciousness.
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This is the point. For whatever reasons, right or wrong, that society 
has chosen to make this possible, the circumstances exist for getting 
scholarly work done by more people than might otherwise do it, and for 
providing humane conditions of training for the oncoming generation.

There are at once a number of urgent objections, of course. One might 
say that it is not difficult to construct utopias for any held, given enough 
money. On the one hand, the money involved is not so large that a 
major country cannot easily afford it, and the amount small on any 
scale except that of depression-reared experience or the starvation- 
oriented practices in all too many other equally worthy fields of scholar
ship on the other hand, this is not a paper utopia, but a working 
system for employing people's minds and hands in the time-honored 
mission of adding to the sum of the known.

Alternatively, the opposite objection may be heard: that really good 
ideas do not flourish without an element of personal hardship. But, de
spite the support intended by well-known stories (true, false, and senti
mentalized), the evidence now is altogether the other way round. The 
once-in-a-generation ideas may still, as always, come from the most un
expected places; yet, throughout history, transforming ideas, as well as 
great ideas only one magnitude less high, have not appeared in science 
at a rate equal to a fraction of the present rate. The sacrifice implied by 
the sum of thousands upon thousands of wretched student and research 
years under inadequate conditions in the past can surely be no source 
of satisfaction, even if the additional expenditures had not, after all, 
shown a better yield in science. I suspect that another Marie Curie, a 
Kepler, even a Roger Bacon, would not be damaged by more help, or 
by the availability of cooperative research facilities for those inclined to 
use them.

I will refrain from elaborating on the point that the new scientist now 
seems to have at least as much time and energy for other socially valu
able activities as previous generations did. Because in themselves they 
are either not new or not intrinsically unavoidable parts of the present 
pattern of science, I shall equally refrain from elaborating here some 
of the persistent and well-known complaints raised by scientists them
selves: the volume of material to digest, the imbalance between different 
special fields, the encroachment of bureaucracy and of military tech
nology, the need for keeping some "big science" efforts big and in the
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news by artificial means, the usual difficulty of finding persons of real 
judgment to be advisers or to help run the scientific organizations them
selves, and the poverty of many teaching efforts.^

I shall also neglect here the occasional pirate who is drawn to the 
scientific field, as in earlier times a man of talent with a like soul would 
have found scope for his aspirations in the service of a queen or a Boni
face III. The obligations and opportunities of power and all it entails 
now lie on many of the most outstanding scientists, and abuse is ex
ceedingly rared"

There remains a third major objection. Has this useful and often 
pleasant arrangement not been bought at too high a price? It is popu
larly suspected that somewhere in the background there is a group of 
high military officers whose interest and decision ultimately control, 
from year to year, whether or not academic research shall flourish, just 
as the Renaissance patron determined whether the studio would con
tinue or not. It is not, after all, only the intrinsic merit of the subject 
that now gives it vigorous life, but also the weapons-aspect of its oc
casional by-product, vigorously exploited by applied scientists and en
gineers in industry and government.

This is of course frightening and confusing ground. In part these 
widely held conceptions are not true, or at least no longer true. The in
fluence of government (particularly that of the military branch) on 
science has not been without an effect in the opposite direction. As some 
scientists have become increasingly effective and trusted in their roles as 
advisors, a noticeable educative influence has made itself felt in Wash
ington. Indeed, it is nowadays more typical for scientific advisors to 
try to turn off what appear to be hastily conceived projects initiated by 
the Pentagon.

And yet, the deeper intent of the objection cannot be either disproved, 
or evaded, or sustained. It is at the same time bitterly true and false, as 
would be a refusal to sanction the rising standard of living in our pres
ent, artificially inflated economy. The problem posed is at bottom the 
same for the academic scientists as it is for anyone from grammar school 
teacher to legislator who participates in the life of a nation which is so 
closely geared to an arms race. (One suspects that if tomorrow it were 
discovered how to destroy multitudes by reciting poems, the physicists 
would have to move into the garrets, and poets would be enticed into 
the laboratory space.) But while the hope of gaining indirectly military
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benefits from basic science motivates the Federal agencies that support 
physics, the iarge majority of academic scientists themseives have cieariy 
declared again and again their eagerness to work toward a peaceful 
resolution of the crisis that is to a degree responsible for the high level 
of their support. In fact, it is largely from the work of such scientists that 
one may hope for the development of ideas, understanding, and tech
niques that will help in achieving what mankind never before took to be 
a serious task, the control of armaments and of international aggression.

/or Growt/i; MoMity, Organization, Lgn/7/rogging

While it would not be either possible or necessary in this context to 
describe in detail the research project that engages our physicist's at
tention, let us turn from his personal background to the general rules of 
action of the profession. We leave him as he is contemplating a possible 
modification in the use of a liquid-hydrogen bubble chamber, a device 
for making apparent the passage of elementary particles such as those 
generated in accelerators. The triggering event for this thought was a 
brief article, the heading of which is duplicated in Figure 1.

It will be instructive to study this figure with care. It contains a great 
deal of information about the metabolism of a lively held of scholarship, 
denoted even in the very name of the journal. The P H Y S I C A L  R E V I E W  

is perhaps tAe definitive physics journal in America, though it is only one 
of the many good journals in which basic research in physics is pub
lished. In 1958, the sheer bulk (7,700 pages in that year), the continu
ing rate of expansion, and the delay between the receipt and publication 
of articles made it necessary to detach from the PHYSICAL REVIEW the 
"Letters to the Editor," in which brief communications are made. This 
resulted in the separate, quickly printed, semimonthly publication, 
P H Y S IC A L  R E V I E W  L E T T E R S . The article indicated in Figure 1 came out 
a month after its receipt; under the older system it might have taken 
twice as long.

Why is this speed so important? One explanation could be that this 
profession is made up of fiercely competitive people. It is true that egos 
are strong and competition naturally present. But in the United States, 
at least, it proceeds in a low key; personal relationships, though perhaps 
lacking some color and warmth, are almost invariably friendly.

There are three explanations for this fact. First, the authority of scien-
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Figure 1 The heading of a short announcement of results in PHYSICAL RE- 
viEw LETTERS, 7:264, 1961.

tific argument does not lie in personal persuasiveness or in personal 
position but is independently available to anyone. Second, there is the 
general loyalty to the common enterprise, mentioned previously. And 
most importantly, scientists as a group seem to be self-selected by a 
mechanism that opposes aggressive competition. Anne Roe, in summar
izing her long studies in this held, reports in an essay, TAe RsycAofogy c/ 
AcienhiG;

Their interpersonal relations are generally of low intensity. They are reported 
to be ungregarious, not talkative—this does not apply to soctal scientists—and 
rather asocial. There is an apparent tendency to femininity in highly original 
men, and to masculinity in highly original women, but this may be a cultural 
interpretation of the generally increased sensitivity of the men and the intel
lectual capacity and interests of the women. They dislike interpersonal con
troversy in any form and are especially sensitive to interpersonal aggression.^"

Thus the theory of aggressive competition is not likely to be correct 
in explaining the speed often felt to be necessary. Rather, one must look 
to other causes. I will select two quite obvious ones, which seem to me 
among the most important. One is the intense interest in what has been 
found. The other is the natural desire not to be scooped by other groups 
known to be interested in the same topic. And here it is important to
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note a major cause for this possibility—the fact that research is usually 
carried out in the open. It would be most unusual for a typical academic 
physicist not to instruct any visitor who shares his interests on the de
tailed current status of his research, even if, and precisely because, this 
same visitor is working on the same "hot" lead. This principle of open
ness is one of the basic aspects of the scientific ethos.

We now read the names of the authors given in Figure 1, and are 
perhaps surprised by their number. To be sure, a commoner number of 
collaborators would be two, three, or four, although ten percent of the 
authors of the other papers in the same issue of the journal are sole 
authors. Yet it is neither the longest list of authors to be found, nor is it 
unrepresentative. Here let me signal three points. One is the cooperation 
in research that is implied within each group, as well as among widely 
dispersed groups; another is the distribution in this country (and in
deed internationally) of the cooperating enterprises (some long estab
lished, others not known as little as twenty years ago to have had strong 
research interests in physics); the third is the authors' remarkably 
heterogeneous backgrounds that are implied. The list of names makes 
the point more bluntly than could any comment of mine.

This last point is perhaps the most important of these factors in ex
plaining the growth of science in our time. Nowhere else can one And a 
better gx/wiwgnfa/ veriAcation of the general worth of the democratic 
doctrine, which is often uttered but rarely tested seriously. Social and 
geographic mobility in a Aeld of work, as in society itself, is the essential 
prerequisite for a full exploitation of individual talent. The success of 
contemporary science all over the world despite the great variety of 
social and political settings is merely a striking case study of this propo
sition.^

The gathering of talent brings not merely rewards proportionate to 
the amount of talent but also rewards that are, at least in the early stages 
of a new Aeld, nonlinear and disproportionate. In other words, the con
tributions of M really good persons working in related areas of the same 
Aeld are likely to be larger (or better) than n times the contribution of 
any one of them alone in the Aeld. This is true of a group as well as of 
individuals who do not work in physical proximity to one another.

With respect to the former, the particular way group work or co
operative research functions was long ago discovered and exploited by 
industrial laboratories and by medical researchers. Although some group

MODELS FOR UNDERSTANDING THE GROWTH OF RESEARCH

427



research existed as far back as the seventeenth century, and beginnings 
of cooperative research even on something iike the present scale of 
groups had been made, notabiy in the Cavendish Laboratory and E. O. 
Lawrence's laboratory at Berkeley, physicists did not ready understand 
its fuii merits untii the creation of the Worid War II laboratories (the 
Manhattan District, the Massachusetts Institute of Technology Radia
tion Laboratory, the Harvard Radar Countermeasures Laboratory, and 
others). Not only did they learn what it means to do science when the 
rest of society is really backing science (a lesson not forgotten); more 
particularly, they discovered how to work together in groups, despite 
the fact that a member may be neither particularly inclined to gregar
iousness nor even informed in detail on the subject of his neighbor's 
specialization.

What took place here was analogous to impedance matching, the 
method by which an electronics engineer mediates between the different 
components of a larger system. That is, special coupling elements are 
introduced between any two separately designed components, and these 
allow current impulses or other message units to pass smoothly from 
one to the other. Similarly, in these quickly assembled groups of physi
cists, chemists, mathematicians, and engineers, it was found that the 
individual members could learn enough of some one field to provide 
impedance matching to one or a few other members of the group. They 
could thus communicate and cooperate with one another somewhat on 
the model of a string of different circuit elements connected in one 
plane, each element being well enough matched to its immediate neigh
bors to permit the system to act harmoniously. While an applied organic 
chemist, say, and a pure mathematician, by themselves, may not under
stand each other or find anything of common interest, the addition of 
several physicists and engineers to this group increases the effectiveness 
of both chemist and mathematician, :/ each scientist is sufficiently in
terested in learning something new.

That this system worked was a real discovery, for the individual re
cruits had come largely without any experience in group research. And 
while during the war the system of cooperative research was tried out 
successfully on applied, or "mission-directed,"^ research on a large 
scale, it was continued after the war in many places in basic science, at 
first on a much smaller scale—and it was still found to work to great ad
vantage.
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Another and even more important effect of group work on the growth 
of a field exists among eager groups in the same field who are, however, 
not side by side but located at some distance from one another. One re
search team will be busy elaborating and implementing an idea—usually 
that of one member of the group, as was the case with each of the early 
accelerators—and then will work to exploit it fully. This is likely to take 
from two to five years. In the meantime, another group can look, so to 
speak, over the heads of the first, who are bent to their task, and see be
yond them an opportunity for its own activity. Building on what is 
already known from the yet incompletely exploited work of the first 
group, the second hurdles the first and establishes itself in new territory. 
Progress in physics is made not only by marching, but even better by 
leapfrogging.

We can turn for a specific illustration to accelerators, not because they 
are glamorous or unique, but because quantitative data are easy to find 
there. Ernest Rutherford suggested in 1927 that the nucleus should be 
explored by bombarding it with artificially accelerated particles, be
cause the natural projectiles available from radioactive sources are 
neither continuously controllable in speed nor of high enough energy. 
This gave rise at the Cavendish Laboratory in the early 1930's to the 
design and construction by J. D. Cockcroft and E. T. S. Walton of an 
accelerator for protons. Its first successful operation is represented by a 
black circle near the left edge of Figure 2 V Improvements since then 
have increased the top operating energy, e.g., in the proton linac, from 
the original one million electron volts (1 Mev) to about 60 Mev (note 
the nonlinear, i.e., logarithmic scale on the ordinate). But in the mean
time, a profusion of new machines of quite different types have made 
their appearance, one after another. The cyclotron of E. O. Lawrence 
and M. S. Livingston (1932) was a radically different machine, and it 
immediately rose to higher operating energies; but this curve later Bat
tened out (owing to the impossibility of a Bxed-frequency resonance 
accelerator of this type to impart effectively more energy to particles 
when these have already achieved a significant relativistic mass in
crease) .

The electrostatic generator, initiated by Van de Graaff at the Massa
chusetts Institute of Technology, entered the situation at about this 
time, with less energy but with useful advantages in other ways. It dif
fered from its two main predecessors qualitatively (i.e., in the funda-
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Figure 2 The increase of operating energy in particie acceierators. (Courtesy 
of M. S. Livingston.)
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mental method of achieving the accelerating voltage), as indeed these 
differed from each other. In 1940 the betatron—again a fundamentally 
different machine—started with a design by D. W. Kerst at the Univer
sity of Illinois, and then entered regions of higher and higher energies, 
where new phenomena could be expected to occur. New machines are 
continuing to come from different groups and widely dispersed labora
tories; the leapfrogging process is clearly at work and opens up more 
and more spectacular fields for basic research.

One cannot help noticing an unexpected but crucial result in Fig
ure 2. The heavy straight line (which would be an exponentially up
turned curve if it were on an ordinary plot instead of on the semilog 
coordinates) of course indicates roughly the approximate maximum ac
celerator energy available to physicists in any year. This line shows that 
the top energy increased on the average by a factor of about ten every 
five years—for example, from about 500 Mev in 1948 to about 5,000 
Mev (i.e., 5 Bev) in 1953. At this rate, the 33,000 Mev Alternating 
Gradient Synchrotron at the Brookhaven National Laboratory, first op
erated on 29 July 1960, was ready none too soon.

This ten-fold (i.e., order-of-magnitude) increase in energy every five 
years entails a corresponding opening up of interesting results and new 
Helds of work, each of which will keep research projects going for a long 
time. The multiplication of fields and results constitutes a graphic ex
ample of what is meant by an increase in scientific activity in one area. 
This, too, is a particular and peculiar pattern of physical science—al
though, of course, the time for a doubling of range or scale is not so 
short in most other areas of physics."* The driving force here is in large 
part a simple and general psychological one: particularly when the 
more onerous material constraints on the realization of an ingenious 
new idea are removed, the really original person is not likely to be in
terested in spending his creative energy on something that produces 
much less than a three-fold, five-fold, or preferably an order-of-magni
tude change. This has always been true, even when the financial con
siderations prohibit the realization of the idea, or when costs are 
inherently no great factor. A five- to ten-fold increase in accuracy of 
measurement or of prediction; an extension of the accessible pressure 
range from 2,000 atmospheres to 10,000, then to 50,000, then to above 
200,000; an eight-fold increase in the volume of space seen by a new 
telescope—these are obviously interesting and worthy goals. On the
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other hand, to increase the precision or range in an area by, say 30 
percent is good, but is not likeiy to generate special enthusiasm in an 
individual or a particular group.

The natural pace, therefore, is that of doubling (or more), and of 
doing so rapidly. As in developments in the military missile held, the 
urge is strong to design an accelerator which will be beyond the one now 
being readied for its first tests. Leapfrogging has become somersaulting. 
But not all physics is accelerator-bound, just as not all science is physics, 
and so a balance is preserved in the large.

These considerations apply directly only to experimental physics, and 
even then only to those research projects that go after an extension of 
knowledge that can be associated with an increase of some numerical 
index such as range or accuracy. It therefore does not refer to such ex
perimentation as the investigation of G. P. Thomson, which was in
tended to confirm whether or not an electron beam exhibits wave prop
erties, and it also does not refer to much theoretical work. Models to deal 
with these cases are nevertheless possible—for example, by using as a 
quantifier the criterion of the inclusion in one framework of previously 
unrelated elements, and the production of new, unrelatable entities— 
and such models produce the same general conclusions concerning the 
increase of pace.

.Sjpggd an d  C ritical R afg j

Nothing is more striking in a high-metabolism field such as physics or 
experimental biology than the usefulness of the present. For example, 
M. M. Kessler^ has found that 82 percent of the references cited in re
search papers published in the PHYSICAL REVIEW during the last few 
years are references to other recent articles in scientific journals. Half of 
these articles cited are less than three years old! Reference to the more 
distant past decreases quite sharply; only 20 percent of all references 
are seven years old or more.

After journal citations, the next most frequent references (about 8 
percent) are to private communications, unpublished or to be pub
lished ; if the latter, they are usually in preprint form, the old standard 
method of communicating in a specialty field, a method which has now 
grown markedly. References in PHYSICAL REVIEW articles to books turn 
out to rank only third, or 6% percent (the remaining 3% percent of
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references being to industrial reports, theses, etc.). Even these books 
seem increasing!;/ often to be edited volumes of various articles. The net 
effect, then, is that of the diffusion and use of information at high 
speed.3"

There are other ways in which scientific information diffuses and is 
used. Nothing, surely, is a more viscous medium for diffusion than the 
educational system of college and high school. How do the advances of 
science fare there? We know that the situation is not yet satisfactory, 
and we can understand the difficulty that must arise whenever the dif
fusion time is radically different from the natural pace of research. An 
example is the treatment of special relativity theory in a long-established 
senior-level physics text, such as F. K. Richtmyer's INTRODUCTION To 
MODERN PHYSics. In the first edition (1928) the theory of relativity 
occupied about a page. Six years later came the second edition, with 
twelve pages on this topic, gathered in an appendix. The third edition, 
eight years later, had a separate, regular, thirty-page chapter in the 
text. And in subsequent editions of this outstanding text the material 
has properly spread throughout the book so that it is meaningless to 
make an estimate of the actual space given it. But then, little had been 
added to special relativity theory as a separate research topic since long 
before 1928.

Alternatively, by making a cut through the educational system an
other way, one can follow the progress of ideas as they move from the 
research desk down to the schoolroom. The emanation electroscope was 
a device invented at the turn of the century to measure the rate at which 
a gas such as thoron loses its radioactivity. For a number of years it 
seems to have been used only in the research laboratory. It came into 
use in instructing graduate students in the mid-1930's, and in college 
courses by 1949. For the last few years a cheap commercial model has 
existed and is beginning to be introduced into high school courses. In a 
sense, this is a victory for good practice; but it also summarizes the sad 
state of scientific education to note that in the research laboratory itself 
the emanation electroscope has long since been moved from the desk to 
the attic. The high rate of turnover of ideas in science presents almost 
insoluble problems for a conventional educational system in which in
formation about the events at the top are propagated slowly and without 
a short-circuiting of any of the intermediate elements below.

In order to have a better model of the process by which knowledge in
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MODELS FOR UNDERSTANDING THE GROWTH OF RESEARCH

a research field advances, we must think about the rate of diffusion 
along yet another dimension. In all fields of scholarship, the inputs for a 
lively research topic are not restricted to a narrow set of specialties, but 
can come from the most varied directions. In physical science it is easy 
to document this process of the diffusion of knowledge from many sides, 
over a period of time, into one research area—on the part of individuals, 
and quite independently of the effectiveness of groups dealt with earlier. 
Figure 3 is a schematic design intended to give, in rough approximation, 
both a feeling for what may be meant by the "growth of a field" and an 
overview of the cumulative effects of contributions from various scien
tific specialties.'"

The field chosen is that of shock waves. It is a "classical" research 
subject that originated in 1848 when the British mathematician and 
physicist G. G. Stokes and the astronomer and mathematician J. Challis 
communicated their struggles with solutions of the equation of motion 
in a gas as developed by Poisson in 1808. Stokes was led to propose, on 
theoretical grounds, that a steep gradient in velocity and density should 
exist in the gas if a large disturbance were propagated in it. Both their 
contributions are represented by the two arrows at the far left, the di
rections of the arrows indicating the specialty fields involved.

The successive events are similarly indicated. For example, further 
basic work in the mathematics of wave propagation by Riemann and by 
Eamshaw follows in 1860, and other arrows placed on the "General Re
search" line refer to contributions in mathematics by men such as Hada- 
mard (1903), Chandrasekhar (1943), and Kantrowitz (1951), or in 
physics by Mach (1876, 1887, 1889), Bethe (1942), von Neumann 
(1943), and Truesdell (1951). New specialty Reids branch off as shown 
from time to time, some having pronounced technological orientation; 
but it is illustrative of the difficulties of clear separation that a branch 
such as magnetohydrodynamics (where the initial arrow indicates the 
work by Alfven in 1942) now plays a fundamental part in both basic 
and applied fusion research. The increasing activity is evident through
out. As these lines go forward, one may well expect further branchings

Figure 3 A representation of the development of basic research and of some 
applications. Each arrow represents a major contribution. Its direction in
dicates the specialty held involved (see coordinate system at the left); for 
example, an arrow rising perpendicularly from the time axis represents mathe
matics.
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at the growing edge from any of the five present lines, and fundamental 
contributions along any of the four dimensions. It is becoming more and 
more evident that departmental barriers are going to be difficult to 
defend.

Another illustrative interpretation of cumulative growth is obtained 
by following, on a shorter time scale than Figure 3, the effect and inter
relationship of a few particularly creative and stimulating persons 
within a field. Figure 4 represents the results of a recent study/' tracing 
in general terms the rise of the fields of molecular beams, magnetic 
resonance, and related work in pure physics. In particular, it is focused 
on one part of the extensive achievement of 1. 1. Rabi, both in develop
ing the original molecular beam techniques, and in selecting and stimu
lating a group of productive associates or students.^

This description is analogous to making a large magnification of a 
small part of the previous figure to determine its "fine structure." After 
working with Otto Stern in Hamburg, Rabi in 1929 effected a branch- 
ing-off from previous lines of research (analogous therefore to Alfven's 
arrow for 1942 at the head of the magnetohydrodynamics line in Fig
ure 3, or the arrow on the aerodynamics line for Prandtl in 1904). It 
can be seen that soon after, both in independent laboratories as well as 
in those of Rabi and his associates, the applicability of the early tech
niques, and the originating of new questions now suggesting themselves 
in neighboring parts of the same fields, provoked a rapid branching into 
several new directions. The excitement of this field as a whole and its 
fruitfulness are attested by the large rate of inflow of new persons, in
cluding many outstanding experimental and theoretical physicists.

The course of the future is clearly going to be a continuing multipli
cation on the same general pattern. And although the growth is more 
eye-catching at the end portion of each branch, there is still a fruitful 
harvest in many of the lower boxes in Figure 4. Thus, molecular beams 
themselves remain important in current research. Finally, the connec
tions with the technological exploitations of these advances have not 
been represented; but one should be aware that such connections almost 
invariably exist, and in this case they could be shown at several points 
(for example, maser, atomic clock).

T .Sr'fnplg /or iAe Grotof A o/ R^oaroA :n

We may now correlate the descriptive details in a simple qualitative
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mode! of the growth process of scientific research. It is too ambitious to 
expect such a mode! to tell us "how science works/' but it shouid heip 
us to understand its more bewildering and spectacular aspects.

A hypothetical construction should start with a "zeroeth-order" ap
proximation; that is, we know it to be inadequate from the beginning, 
but we also know how to improve it to attain a first-order approxima
tion and, if possible, higher-order approximations later. Such a start is 
provided by Newton's analogy of having been on the shore of the known, 
"while the great ocean of truth lay all undiscovered before me." Scien
tists do indeed seem generally to think about basic research in terms of 
some such picture. They often have described it as if it were a voyage 
of discovery launched on uncharted waters in the hope of reaching a 
new shore, or at least an island. To be sure, neither research nor a sea 
voyage is undertaken without some theory that serves as a rough chart. 
Yet such vague terms are used, even when the promise of end results 
would strengthen the cause of the hopeful explorer. Thus during a 
Congressional inquiry to ascertain the large financial needs for future 
accelerator constructions, the scientists—quite properly—gave Congress 
no more definite commitment of returns on the considerable investment 
it was asked to undertake than this:

It is, therefore, likely that the next decade will see the discovery of unex
pected phenomena as well as the development of hitherto unknown techniques 
of particle detection and identification, and new means of particle acceleration 
and containment. Since it is impossible to predict the nature of these develop
ments, it is very difficult to take their effect into account in any ten-year cost 
preview.

Taking the analogy of the voyage of exploration as sufficiently sug
gestive for the moment, we see that on the average a single searcher 
will expect the number of new islands he discovers to increase with 
time, perhaps more or less linearly. The same will be true if his is not the 
only ship that has started out, and if we assume the expeditions to be 
still few and not yet in contact with one another so as to affect the in
dividual search patterns.

Hence the number of unknown islands yet to be found in a finite 
ocean (that is, the number of interesting ideas—not "the facts"—sup
posed to be still undiscovered in this pool) will be expected to drop off 
in time, somewhat as line I in Figure 5(a) does. In developing a model
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Figure 4 Connections among the contributions in an expanding part of basic 
physics.
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for discovery, we shall now build a series of simple graphs on Figure 
5 (a) to summarize in an easily perceived form some qualitative trends.

But if Figure 5(a) itself were a proper model for discovery, science, 
like geographical exploration or gold-mining, would sooner or later be 
self-terminating. In fact, the end should come sooner rather than later, 
because the news of discoveries in a fruitful ocean spreads interest in 
them. New explorers will rush in, as shown by the early part of curve P 
in Figure 5(b). This influx by itself will assure that the quantity of ig
norance remaining decreases with time in a manner shown not by curve 
I but by curve I' in Figure 5(c); that is, it will drop more nearly ex
ponentially than linearly. If one also takes into account the fact that 
communication among the searchers shown on curve P improves the 
effectiveness of each one's search (a main function of communication, 
after all), then the middle portion of curve I' should really drop off even 
more steeply, causing P to have the shape of an inverted sigma; and this 
is precisely what the partial graphs detailed in Figure 2 indicated. In 
either case, however, the specified field will in time become less attrac
tive, and the number of investigators will be decreasing somewhat as 
shown. Curve P thus indicates directly the size of the profession at any 
time, and indirectly—by the steepness of the slope of P—the intensity 
of interest or attractiveness of the field with respect to net recruitment 
(the inflow minus the outflow of people).

We shall soon have to add some mechanism to explain why science 
as a whole increases in interest and scope instead of deteriorating, as in 
Figure 5. Nevertheless, we already recognize that for some specific and 
limited fields of science this model is useful. Thus in 1820 Oersted's dis
covery of the magnetic field around wires that carry direct current, and

Figure 5 Zeroeth-order approximation for a model of research in a speci
fied area.
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the theoretical treatments of the effect by Biot, Savart, and Ampere in 
the same year, sparked a rapidly rising number of investigations of that 
effect; but it was not long before interest decreased, and by the time of 
Maxwell's treatise (1873) no further fundamental contributions from 
this direction were being obtained or even sought.

In fact, the same statement now applies (even in a good program) 
to virtually every topic presented in depth to physics students through
out their undergraduate training, and to a number of their typical grad
uate courses—except for students' own thesis fields. So, while Figure 5 
may also be applicable to other areas of scholarship, the impressively 
different feature in physical science is that the time span for curve I' has 
become quite short when compared with the time span of an active re
searcher's professional life, and frequently even when compared with 
the new recruits' period of training.

Figure 6 shows again in curve I ' the decrease of ignorance, together 
with a time scale (T, 2T, 3T, etc.) along with abscissa, drawn in such a 
way that the amount I' has dropped roughly to half the initial value 
when period T has elapsed, to one-quarter after total time 2T, to one- 
eighth after 3T, etc. T is thus the "half life" of the suspected pool of

Figure 6 Inverse relationship between the accumulation of application and 
the interest in a basic-research field.
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interesting basic ideas. The statements of the last paragraph imply that 
T is now short, perhaps between five and fifteen years for a specific, 
lively Reid on the frontiers of physical science."" This is aiso in accord 
with the data cited earlier, which showed that in reports of new research 
the references to published work fall overwhelmingly within the most 
recent years.

While it is not intended here to give an accurate idea of the absolute 
scales, the relative positions, or the detailed shape of the curves, P has 
been placed so as to indicate that the number of active researchers will 
reach a maximum when a large part of the presumed total of interesting 
ideas has already been discovered. This suspicion and the sense of 
dwindling time also contribute to the evident pressure and the fast pace. 
It appears to me that a critical slope for I' exists. When the rate of de
crease indicated by P for the specific research field is not so large (that 
is, when T is of the order of the productive life span of individuals, or 
longer), the profession organizes its work, its training methods, and its 
recruitment quite differently than if the value for T is only a few years. 
There are recent examples, as the case of oceanography, of a science 
passing from the first phase into the second, taking on many of the so
ciological characteristics of physics as a profession.

By means of Figure 6 we can briefly consider the application of new 
findings in basic research, as indicated in curve A. Such applications 
include use in other fields (for example, radioisotopes in medicine), 
and use for applied research and development. Curve A is meant par
ticularly for the last of these, for example in the development of an in
dustrial product. Clearly, a curve P' that would be similar to P could 
be drawn to show how the number of people engaged in applied re
search is likely to grow and ultimately to diminish, for it is their work 
which A traces out.

Such a curve P' would have the same general shape as P, but it would 
be displaced to the right of curve P. For it is clear that the longer one 
waits before beginning to apply fundamental ideas, the more nearly 
one's work will seem to be based on complete knowledge. Today, how
ever, curve A does not wait to rise until I ' has reached very small values. 
We can readily understand this in terms of three factors: the competi
tive pressures within an industry, the natural curiosity of talented 
people, and the needs of basic research itself—-which, in experimental 
physics at least, is now closely linked with the availability of engineering
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developments of basic discoveries. A  curve P '  for applied research par
ticipation wiH therefore overlap curve P  for basic-research participation, 
and indeed these two populations will often draw on the same sources. 
For example, Kessler"" reminds us that articles in the PROCEEDINGS OF 

TH E INSTITUTE OF RADIO ENGINEERS refer with considerable consistency 
to the publication of basic research in physics; in a relatively new ap
plied held, such as transistors, reference to articles in the PHYSICAL 

REVIEW  occur not much less frequently than citations of PHYSICAL 

REVIEW articles do in basic-research journals. In the past much blood 
has been shed over distinctions between pure and applied research. It 
may be fruitful to assume that a critical difference lies in the relative 
positions on the time axis of curve P  showing the basic-research popula
tion and a corresponding curve P ' that could be drawn for the applied 
research population. The fruitful interaction of basic and applied sci
ence will be indicated by the overlap of these two populations, in time 
as well as in the sources from which they draw their material.

A Fbri-orifgr Approximation

We are now ready to attempt a first-order approximation to improve 
our model for the progress of scientific research. For this purpose we 
examine Figure 7(a), where curve D is simply the mirror image of I', 
plotted in the same plane. That is, whereas I' presented the decrease of 
ignorance, D presents the increase of total basic "discoveries" made in 
the finite pool of interesting ideas. The beginning of curve D indicates 
necessarily the occasion that launched the expeditions in this held, say 
the discovery in 1934 of artificial radioactivity by the Joliot-Guries 
while they were studying the effect of alpha particles from polonium on 
the nuclei of light elements.

Up to this point their research had followed an older line, originating 
in Rutherford's observation in 1919 of the transmutation of nitrogen 
nuclei during alpha-particle bombardment. The new Joliot-Gurie ob
servation, however, inaugurated a brilliant new branch of discovery. 
We suddenly see that the previous model (Figure 5) was fatally incom
plete because it postulated an fund of ideas, a limited ocean
with a definite number of islands. On further exploration, we now note 
that an island may turn out to be a peninsula connected to a larger land 
mass. Thus in 1895 Rontgen seemed to have exhausted all the major 
aspects of X-rays, but in 1912 the discovery of X-ray diffraction in crys-
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tals by von Laue, Friedrich, and Knipping transformed two separate 
fields, those of X-rays and of crystallography. Moseley in 1913 made 
another qualitative change by showing where to look for the explana
tion of X-ray spectra in terms of atomic structure, and so forth. Simi
larly, the Joliot-Gurie findings gave rise to work that had one branch
ing point with Fermi, another with Hahn and Strassmann. Each major 
line of research given by line D in Figure 7(a) is really a part of a 
series D,, D3, D3, etc., as in Figure 7 (b). Thus the growth of scientific 
research proceeds by the McafatioM of knowledge—or perhaps rather of 
new areas of ignorance—instead of by mere accumulation.

By means of this mechanism, we can understand at the same time 
the pace, the proliferation, and the processes of diffusion and branching 
shown in Figures 3 and 4. When an important insight (including a 
"chance" discovery) causes a new branch line D2 to rise, fruitful re
search usually continues on the older line Di. But many of the most 
original people will transfer to line D2, and there put to work whatever 
is applicable from their experience along Di. (Perhaps now the most 
important thing to know is when to drop Di and go on to D2 ) If the 
early part of D2 rises steeply—because there is now a new area of ig
norance that can be filled in at a rapid initial rate—then D2 will appear 
as an exciting field, and will be very attractive to researchers. Many 
will switch to D2; but the largest source of ready manpower is the new 
recruits to the field. Hence the lively sciences have a constant need to
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"grow," or at least to enlarge the profession. (This may well run even
tually into difficulties as the limitation of available talent—or of the 
willingness of society to provide the needed funds—sets an upper bound
ary to possible growth."^)

The newest recruits, therefore, are likely to be serving their appren
ticeship at the newest and most rapidly growing edges. This is an 
excellent experience for them. But rapidity of growth depends on the 
inflow of research talent, and at the same time it is also dc/ingd by the 
output achieved. Thus there appears a danger of self-amplifying 
fashions: from a long-range point of view, too many people may be 
crowding into some fields and leaving others undermanned. One partial 
remedy has been for the less fashionable fields to set up their own pro
fessional specialty organizations and their own training and recruit
ment programs—a process which, once initiated, further polarizes the 
na!Towing subsections within science as a whole.

With the concept of escalation in mind, let us finally re-examine Fig
ure 2, where we found a leapfrogging process to ever higher accelerator 
energies. The two concepts are intimately related; Figure 2 indicates 
the application of the escalation process of Figure 7(b) to a narrow 
and particularly vigorous specialty, that of accelerator design."" The 
same analysis may be applied directly to other experimental fields which 
do not have such strong increases in the value of an easily identifiable 
variable. But it should again be stressed that advances in most theoretical 
aspects of science, and in not a few experimental ones, do resist quanti
fication, and that then no analogue to Figure 2 can be readily drawn. 
Nor should this be unexpected. In the end, what any advance must be 
judged by is not some quantifiable improvement in a specialty, but the 
qualitative increase in the depth of understanding it contributes to a 
wide held. For this reason, our model for the growth of science must, and 
should, remain qualitative.

We may now summarize. We have described what is considered an 
adequate system designed to support the pursuit of interesting ideas that 
add to man's basic knowledge—a system that aids researchers to do 
this sooner rather than later, and with work and luck to make a large 
difference to the state of knowledge of their held. We have noted that 
—at least as long as reasonable funds are made available—scientihc 
work can so arrange itself as to maximize the effectiveness of collabo
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rators, of encouragement by one's fellow-men, and of the stimulus of 
new results, ah of which keep morale high. We have noted also the 
open invitation to taient, no matter what real or imagined barriers to 
it may exist elsewhere; the aid given from student days forward for 
continued education; the predominantly youthful character of the pro
fession, with the inflow of bright young people that is steadily growing; 
and the sense of building on the contribution of others.

This, I believe, would be a fair description of the major features of 
most basic-research sciences as professions in the United States today, 
whatever their faults may be in detail. But it is to be noted that none 
of these traits is inherently and necessarily restricted to the profession of 
science. (Indeed, until recently, perhaps the majority of these traits did 
not describe any science well.) The description in the paragraph above 
might well apply to almost any held of scholarship, as it now does to some 
of them. In this sense I regard this contemplation of the physical sciences 
as useful, not because their methods are to be imitated, but because they 
have achieved a state of operation that need have nothing to do with 
science as science, but only with academic science as a profession in 
which the achievement of excellence at every level of performance 
is the overriding criterion for the way the profession organizes its work.

One must of course distinguish between what is unique to science and 
what is not. It is not the point to say that historians must be mature 
men before they can be historians, or that the Romance languages did 
not help build bombs and have no need of cyclotrons, and that the Navy 
is not waiting for break-throughs in theology. It is also not to the point 
to say that science is unique in its attention to quantifiable knowledge, 
in its need for cumulative growth, or in its luck or its ability to survive 
periods of acceleration in growth. Certainly, the clamor for more money 
and more manpower for its own sake is always wrong, even in science, 
and it can be fatal outside science. Perhaps, indeed, we need no in
crease in the rate of scholarly production of studies in Byzantine art or 
even in the history of biology. UK? gg'gn in jcfgnge, the quantitative 
aspects of "growth" are merely indices of deepening understanding. 
Therefore, the question now must be: allowing for differences between 
the needs of special fields of scholarship, what can we do to help each 
of the particular fields realize its full measure of excellence?
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Session, 1961, p. 38. One example is the Brookhaven National Laboratory, 
where approximately half the operating time of the principal accelerators is 
reserved for the resident staff, and the rest is for visiting groups from universities 
and other domestic and foreign institutions.

15. Programme, B U L L E T IN  OF T H E  A M E R IC A N  P H Y S IC A L  S o c iE T Y  ( S e r i e s  

II), 7:7-93, 1962.
1 6 . B A SIC  R E S E A R C H  IN  T H E  N A V Y , op. cit., p. 5 3 .  Basic-research sponsor

ship by the Navy, Army, Air Force, Atomic Energy Commission, and other 
branches of the government (and in other countries by their equivalents) is 
generally justified in such terms as these: the project is one "with which the 
Navy should be in communication lest a breakthrough of vital importance 
occurs. A classic example of the latter was early Navy work in nuclear physics 
which ultimately permitted more rapid utilization of nuclear power for ship 
propulsion. It is not possible to define firm boundaries as to Navy interest 
because of the unpredictability of basic research results and the complex 
interrelationships between Helds of science."

17. No fact of science has ever been as difficult to verify as the figure given 
out as basic-research expenditure. For example, the budget submitted by the 
President on 19 January 1962 contained $12.4 billion for "Research and De
velopment" (including that for the Department of Defense and Space Research 
and Technology). Of this sum $1.6 billion was said to be for "basic" research 
and training, including the programs of the National Institutes of Health, the 
National Science Foundation, and Agricultural Research, as well as large sums 
for the Atomic Energy Commission, Space, and unspecified items for the De
partment of Defense. Since in the past years the total sum spent for basic
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research from all sources has been about twice what the Federal government 
suppiied, one might arrive at a total bill of from $2.5 to $3 billion for basic 
research in all sciences for the fiscal year 1962, or about half of one percent of 
the Gross National Product. However, a more likely figure for 1962, particularly 
if use is made of a stricter interpretation of "basic research," is half this sum 
(or an average of about $8 per person living in the United States) for all basic 
scientific research in physics, metallurgy, experimental psychology, biology, 
etc. [Ten years later, this last figure has become even smaller.]

18. For brilliant discussions of some of these and related points, see the 
essays by Merle A. Tuve, Rosie Research in Private Research Institutes, S Y M 

P O S IU M  O N  B A SIC  R E S E A R C H , ed. Dael Wolffe (Washington, D.C.: American 
Association for the Advancement of Science, 1959), pp. 169-184; and by A. 
M. Weinberg, Impact o/ Large-.S'caie .Science on the United .States, S C IE N C E , 

134: 161-164, 1961.
19. A thorough and sympathetic study of the situation is in C O N F L IC T  OF 

IN T E R E S T  A N D  FED ER A L SERV ICE (Cambridge: for the Association of the Bar 
of the City of New York by the Harvard University Press, 1960), Chapter 7.

20. Anne Roe, The Psychology o/ .Scientists, S C IE N C E , 134:458, 1961.
21. Any relaxing of social, economic, or other barriers which prevent talent 

from finding its proper scope is to be encouraged. Physicists would do well to 
ponder whether the amazingly low number of women in physics (2% percent) 
in the United States is not indicative of such barriers, particularly in view of the 
larger fraction typical of other technically advanced countries. Disturbing diffi
culties of another kind are discussed in Russell Middleton, Racial Problems and 
the Recraitmertt o/ Academic -Sfâ  at Southern Colleges and Uniuersifies, 
A M E R IC A N  SOCIOLOGICAL R E V IE W , 26:960, 1961. On the other hand, the ob
vious distribution of the authors' names in Figure 1 sets a certain norm for any 
field. The standard of social mobility implied by this case has very little to do 
with respect to science per se, but everything with the seriousness of one's 
interest in the excellence of scholarship.

22. This is the place to mention (without entering into it) the debate on 
the difficult problem of distinguishing among basic research, applied research, 
development, technology, quality control, and technical services. These form 
a continuous spectrum, and precise definitions do not survive the test of using 
them and talking about them. Suffice it to say that different panels of physicists 
and engineers working together usually manage to discriminate between these 
activities on the basis of brief descriptions. For a discussion, see Dael Wolfle, 
The -Support o/ Boric Research.* -Summary o/ the .Symposium, in Wolfle, op. 
cit., pp. 249-280.

23. From M. S. Livingston, T H E  D E V E L O P M E N T  OF H IG H  E N E R G Y  A C C E L E R 

ATORS, New York: Dover Publishing Company, p. 3 (in press [published
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1966]); reproduced by permission. A similar chart is in M. S. Livingston and 
J. P .  Blewett, P A R T IC LE ACCELERATORS (New York: McGraw-Hill, 1962), p. 6.

2 4 . Exponential increases in range or accuracy have long been a part of sci
entific advance, but the doubling rate was smaller. Thus between 1 6 0 0  and 
1 9 3 0 ,  approximately, the accuracies of measuring time and astronomical angu
lar distance each increased fairly consistently at an average doubling time of 
about 2 0  years. For data, see H. T. Pledge, S C IE N C E  S iN C E  1 5 0 0  (New York: 
Harper & Brothers, 1 9 5 9 ) ,  pp. 7 0 , 2 9 1 .

25. M. M. Kessler, in PR O C E ED IN G S OF T H E  W E S T E R N  J O IN T  C O M P U T E R  

C O N F E R E N C E , 247-267, 1961, and private communications.

26. Not surprisingly, the speed of advance implies a degree of waste and a 
number of simultaneous efforts along virtually identical lines. I have discussed 
elsewhere other reasons for the necessity of some wastefulness and for syn- 
chronicity in scientif ic work; see, for example, Chapter 10. Nothing here should 
be taken as a defense of much that is merely expensive, large-scale gadgetry, 
but which passes for science under such labels as "Space."

2 7 . Based o n  data i n  BASIC R E S E A R C H  IN T H E  NAVY (Ref. 1 1 ) .

2 8 . The chart is not an exhaustive indication of all work in the field; e.g., it 
omits contributions by Zavoisky (1945); Nagamiya and Kittel; Holden, 
Kittel, Merritt and Yager (1949); and others.

29. A Ten-year Prenieie o/ LL'gA Energy PAyricr in tkc Hnifed Stater. De
tailed Backup for Report of Ad Hoc Panel of the President's Science Advisory 
Committee and the General Advisory Committee to the A. E. C., Dec. 12, 
1960, in Background /n/ormafion on fke PL'gk Energy PAyricr Program and 
t/ie Proposed -SVan/ord Linear Electron Accelerator Project, op. cit., p. 24.

30. Needless to say, one might cite a number of interesting research Helds 
in physics in which the time scale is longer.

3 1 . See Dael Wolfle, A M E R IC A 'S  R E S O U R C E S  OF SPECIA LIZED  T A L E N T  (New 
York: Harper & Brothers, 1954), p. 192.

32. The model here proposed may be elaborated so as to deal with other 
features of scientiRc growth, for example, the manner in which work along 
lines Dg and Dg reflects on continued progress along D^ Thus, after the early 
falling-off of contributions along the original lines of electrodynamics, interest 
was revived Hrst by Maxwell's and Hertz's work in electromagnetic waves, then 
later by Lorentz's and Einstein's, and most recently by plasma physics.
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12 NIELS BOHR AND
THE INTEGRITY OF SCIENCE

S g S 'j j g jA C H  H A L F  of the tide of this chapter identifies a iarge and timeiy 
Bn subject of its own, with httie apparent relation between the two, 

apart from the undoubted exceHence of Bohr's achievements. Yet, at 
this time, these subjects are strangely and fatefuHy being brought to
gether by the forces of contemporary history, so soon after the centen
nial celebrations of Bohr's birth.

Let me first make at least the briefest sketch of Bohr's scientific work. 
It is commonly agreed that it may be divided roughly into five periods. 
During the first decade of his professional life, his main concern was 
with spectra, the absorption and emission of light, the structure of the 
periodic table, and the chemical properties of matter. During the sec
ond period, from the early 1920s for about a decade, he was the leader 
of his Institute for Theoretical Physics in Copenhagen, devoting him
self to the conquest of quantum mechanics, working with furious en
ergy, and surrounded by a remarkable group of young scientists from 
all over the world. This was the time of concern with the wave-particle 
puzzle, the uncertainty relation, complementarity, the discovery of the 
loss of visualizable physics, and the clarification of problems ranging 
from the structure of crystals to the chemical bond. By the late 1920s,
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it seemed that in principle aii properties of atoms and molecules were 
understandable by the single force of electromagnetism.

In the third period, from the early 1930s until the occupation of 
Denmark by the Germans in April 1940, Bohr and his collaborators 
worked on what came to be known as held quantization, elementary 
particle physics, and the structure of the atomic nucleus. After Bohr's 
narrow escape from Denmark to Sweden, followed by his trip to Eng
land and then to the United States, his career entered a fourth phase, 
as he worked with the British scientists, and later at Los Alamos, in the 
huge effort to preempt the German attempt to make a nuclear 
weapon, an attempt on which the Germans, as more recent documen
tation shows, had in fact embarked first. But at the same time Bohr 
also became more and more concerned with planning for the postwar 
world, including his tragically unsuccessful efforts to open the eyes of 
Roosevelt, of Churchill, and later of the United Nations leadership to 
opportunities that might well have averted the nuclear arms race.

In his last twenty years, Bohr was chiefly occupied with applying the 
lessons of his science, not only to further research in physics but to all 
spheres of life, ranging from philosophy to international politics. He 
also devoted himself to the internationalization of scientific coopera
tion, as in the founding of CERN, the European center for research in 
high-energy physics, and in encouraging scientists in third-world 
countries.

ON THE GROWTH OF PHYSICAL SCIENCE

Before we return to Niels Bohr and his meaning to us today, let me 
give a thumbnail sketch of the prevalent view concerning the issue of 
integrity of science, using for this purpose a recently published guide 
entitled HONOR IN SCIENCE.^ The red booklet, distributed by the honor 
society of scientists, Sigma Xi, is explicitly intended as practical advice 
to those entering careers in science, for example, graduate students 
and postdoctoral researchers. Indeed, it is only proper to recog
nize, in the words of the preface, "that integrity in science research is 
vital to the advancement of knowledge and to the maintenance of 
public confidence in science." Now that the number of working scien
tists has grown so large and the metabolism of work has become so
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high, it may be weii to have a handy document that expiains what 
perhaps was once easier to teach by osmosis and exampie: that there is 
an honor system that guides the community of scientists; that bending 
its rules can endanger careers, public perception, even lives, and sci
ence itself; that there is a moral necessity to minimize both deliberate 
dishonesty and accidental error, not only in research but also in activi
ties such as refereeing and peer review. In the end, science is not that 
different from all other social activities, and Jacob Bronowski's words 
are quoted there to good effect: "We must be able to rely on other 
people. . . . There is a principle which binds society together. . . . This 
principle is truthfulness."^

There follow in the booklet some useful distinctions between differ
ent types of dishonorable behavior: "trimming" the irregularities in 
data to make them look better; "cooking," by discarding results that 
don't fit the current theory; and outright forgery, by inventing data or 
even whole experiments. As it happens, the booklet refers in this sec
tion to my studies on R. A. Millikan's laboratory notebooks of 1911 
and 1912, and particularly to the discovery that he quietly selected 
among his data, using only about 40 percent of his 140 oil drops in 
determining the charge of the electron/ But I must note that this is 
not such a clear case. The main point of my article was not to unmask a 
"cook." Rather, Millikan was a splendid researcher who knew how far 
to trust his inevitable presuppositions, and who knew that his un
sophisticated equipment would not always give raw readings that could 
be easily converted into significant data without much painful and 
lengthy work on corrections. So he decided to pick out from the 140 
drops he had observed during six months those 58 which seemed to 
him what are now called "golden events." His result turned out to be 
correct; his value of the electric charge stood for years, and in fact it 
was immediately adopted by Niels Bohr in his crucial first paper that 
explained the hydrogen spectra. There is no tarnish on Millikan's 
Nobel Prize. To be sure, by present standards we do not accept his 
silence about the existence of the other drops and his decision, without 
further analysis, that these were not fit to yield viable data. We should 
warn students not to adopt his selective method in their lab work. But 
the reason it suited Millikan (as well as Gregor Mendel, among 
others)—and the benefits and risks to this day of using "golden
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events"—is precisely the kind of topic students wiii find in a good 
course in the history of modern science and its methodology, which 
should be part of their education.

The distinguished scholar Jaroslav Pelikan of Yale University re
cently expressed his opinion that the old, almost subliminal methods of 
teaching standards of conduct in any field may no longer be enough 
for some of the new recruits. Therefore, he said, "integrity in scholarly 
research must be raised to the level of conscious attention and articu
late formulation," and he advised that to this end one of the best 
pedagogic tools is "a study of the history of one's own discipline, which 
for a variety of reasons ought to be a required component of the 
coming of age for every scholar or scientist.'"* I applaud this heartily, 
except that I would replace the demanding word "required" by the 
phrase "so well done that it is irresistible."

The final chapter in the red booklet deals with the relation of junior 
and senior people in research teams, with the threat of diffusion of 
responsibility in collaborates and multiple authorship, and with whis
tle blowing. All of this is of course very useful and in some form 
necessary. But as I ponder the challenge implied by the title H O N O R  IN  

S C IE N C E , I see four problems. First, there may be more to say about the 
spectrum of damaging behavior. Second, there is more to say about 
the causes of so many casualties among some of our best young talent, 
quite apart from the relatively rare failure of standards. Third, I End 
myself wondering what has put us in the position of giving such promi
nence to the whole matter at this time. And fourth, most important of 
all, with the image of Niels Bohr and our other great scientists hover
ing over us, and with the many pressures being mounted today that 
may divert much of science from its traditional path, has the time not 
come to say that honoring science demands of us much more than 
simply not c&honoring science?

Let me make brief remarks on the first three of these points and 
then turn to the fourth. First, to the catalogue of errors warned against 
in the booklet I would add some examples of self-deception in 
scientific research, which seems to me to account for a good part of the 
problems to which the media have drawn such gleeful attention. There 
is no reason to think that folly is absent even among scientists; and, as 
Friedrich Schiller wrote, against stupidity even the gods battle in vain. 
Or, to put it in more scientific terms, in any sample of humanity, we
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must expect that the normal distribution curve applies, with wings 
going off on one side toward Nieis Bohr, and trailing down on the 
other to those poor foots who get themselves, and us, into troubte. 
Hence it is ready amazing that the process of doing science works so 
weil even in the hands of mere humans. Despite ail the tomes by 
philosophers, this remains a miracle. Let nothing deflect attention 
from that fact.

Second, a word about today's obstacles to new careers, other than 
being found out to be mishandling the data. From the point of view of 
the vast majority of the young recruits to whom we are addressing 
ourselves, the chief dangers to their integrity as basic research scien
tists lie elsewhere, in the external factors that now determine life and 
death in academe, every day and hour, not for a few but for large 
numbers, and at the most vulnerable point in their identity and career 
formation. Let me remind you of examples. One is the new fragility 
and uncertainty of mentorship, on which new talent and future ca
reers so vitally depend. For it seems to me that as teams have been 
growing in size and complexity, and as the competition for funding 
and recognition has increased, the new pressures on senior investiga
tors have made some of them, more often than in the past, rather 
inattentive to the obligation to help their charges find a fair bridge to 
the world outside.

Another example is the brutal truncation of basic research participa
tion for thousands of young researchers every year just when they are 
ready to put their first good work together for all to see and use. Since 
the late 1960s the number of fellowships provided by the federal gov
ernment in all fields has shrunk greatly, and little private money is 
filling the gap. The prospects for postdoctoral positions in basic sci
ence have so decreased that the National Academy of Sciences report 
on the subject was entitled, appropriately, "Postdoctoral Appoint
ments and Disappointments." The per capita investment in research 
tools for basic science has gone down, even though the cost of doing 
the next experiment has gone up drastically. Some fields, such as the 
social sciences, have been explicitly targeted for undernourishment. 
And the future for basic science support is not bright in the climate of 
large deficits and the diversion of the lion's share of research and 
development moneys into huge new weapons systems.

All this may not belong in the red booklet which I have been discuss
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ing. But if we are concerned with the integrity of the scientific profes
sion, let us remember that the word "integrity" has a double meaning: 
not only "adherence to a code of behavior," but also "the state of being 
sound and unimpaired." There is work to be done here.

Attach ow tAc CtdlMrc o/ SctcKcc

The third probfem arises from the oid doubts that chaHenge the 
place of science in our cufture. I have wondered why the relatively few 
cases of trimming and forging lend themselves so well to aggressive 
media exploitation. Certainly, it is well for any profession to do what is 
necessary about condemnable cases in its midst before others take on 
that task, and for scholars and serious journalists to study the phenom
enon. But are we really in the grip of some major epidemic of dishon
orable conduct? Is there some emergency bell ringing that warns us of 
the demise of good science? Not at all. The historian of ideas discerns 
in this whole episode a modern version of the historic persistence, side 
by side, of excessive adulation and deep-rooted suspicion of science, 
especially in this country.

As Don K. Price points out in his book AMERICA'S UNWRITTEN CON

STITUTION, Americans tend to have a special response to science.  ̂ It 
has roots in our ingrained political philosophy. From the beginning of 
our experience as a nation, the predominant attitude toward any form 
of organized strong authority has been essentially negative. In the first 
century and a half of our republic, scientists and engineers were seen 
as outside and even as a force against established authority, as challen
gers of all dogma and successors to the religious dissenters who 
founded the country. Thus they became the inheritors of the belief in 
progress. But, Price says, "during the past generation there has been a 
sharp break with this tradition."^ As scientists have become far more 
numerous and their work, directly or indirectly, has begun to change 
our daily lives, they have come to be identified with authority, and 
hence have become targets of dissent. If we agree that in a democracy 
authority must constantly prove itself, we should of course applaud 
this, or at least manage a smile through the tears. But surely the real
ization that 30 percent or more of the scientists and engineers in most 
industrial countries are working on military projects also plays a role in 
popular attempts to dethrone the Enlightenment view of science.
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How should the scientific community deal with this? T o  start with, 
let us remember that ethics in science should be earnestly attended to 
by the scientists themselves and their societies—and indeed it has 
been, long before it became the staple of journalists from the NEW 
Y O R K  T tM E S  to the N A T IO N A L  E N Q U IR E R . One thinks here of P. W. 
Bridgman who, with his AiaHr/esO of 1939, closed his laboratory to 
visitors from the Axis nations;^ the 1945 manifesto of James Franck, 
Leo Szilard, and colleagues, which asked that the atomic bomb not be 
dropped on civilians;  ̂ Norbert Wiener's writings; the biomedical re
searchers who fashioned codes for experiments involving human and 
animal subjects; and, more recently, the Asilomar Conference and the 
science-and-ethics projects of the American Association for the Ad
vancement of Science, the Federation of American Scientists, and 
other scientific organizations.

In addition, scientists should welcome the inquiries of sociologists 
and philosophers of science, and of other serious students of scientific 
behavior both normal and abnormal, the more so as the current, bur
geoning endeavor differs in many ways from the tradition in which 
scientific institutions were first developed. But it is also high time to 
look at comparative data rather than focusing on the anecdotal evi
dence of misdeeds. Such data are beginning to be gathered, and they 
tell a more balanced story. For example, governmental agencies such 
as the Food and Drug Administration (FDA) and the National Insti
tutes of Health have established procedures for responding to allega
tions or evidence of misconduct in research. The rate at which such 
responses have become necessary is low indeed. During the last twelve 
years the FDA has submitted to the U. S. Attorney General's office "20 
cases of fraud and other criminal violation uncovered in clinical re
search with investigational new drugs" of these, 13 cases resulted in 
convictions of clinical investigators—about one a year on the average, 
in a field in which there are tens of thousands of projects.

Another estimate of relative frequency comes from the record of 
retractions of research findings. According to the National Library of 
Medicine, during the ten-year period 1977—1986, 2,779,294 articles 
were published in the world's biomedical literature. The number of 
articles retracted because of the discovery of fraud or falsification of 
data was 41—under 0.002 percent of the total. This discovery rate 
of less than 2 in 100,000 is a datum to keep in mind—not to tolerate
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even the few cases, or to relax vigilance, but to counter the more 
sensationalistic uses of anecdotal evidence.'"

The need for gathering more data stems in part from the fact that 
some writers have almost made it a specialty to pursue the idea that 
science as a whole is scandal-ridden, and that scientists are blind to the 
demands of integrity. An example is a book by William Broad and 
Nicholas Wade entitled B E T R A Y E R S OF T H E  T R U T H . "  The book's subti
tle is Fraud awd Dgcgd m tdg o/ ScMtMT, and it opens with the simple 
and striking sentence: "This is a book about how science really works." 
The authors deride the idea that this large community—about one 
and a half million scientists and engineers engaged in research and 
development in the United States alone—is remarkably effective in 
policing itself. The authors' expectations are very high indeed: "It 
requires only one case to surface every few months or so for the public 
credibility of science to be severely damaged."

The authors' assiduous research of the two dozen years prior to 
publication yielded eighteen "known or suspected" cases of scientific 
fraud or deceit. Looking at these cases, one notes that except for the 
psychologist Cyril Burt, none of the accused could be considered dis
tinguished researchers. Indeed, most were previously unknown, and 
at the beginning of a biomedical career (perhaps because it is easier to 
paint a mouse than a quark). As in other cases that have come to light 
more recently, the blame often belongs to the inattentive, well- 
established mentors as much as to the implicated neophytes.

But there is an easily neglected fact that is at least as important. The 
occasional report of fraud or error is the dark side of a coin, the 
reverse side of which is entirely bright. The frontier of scientific re
search is in priciple wide open, even to those who may turn out not to 
be sufficiently brought into the culture of science. The relatively min
ute number of documentable incidents of real abuse, while deserving 
contempt and condemnation, is a rough indication, a kind of overhead 
cost, of the openness of the frontier and its hospitality to reports of 
new findings. For, conversely, if no intentional abuse were found 
among the many members of the scientific community the world over, 
even once a year, it might well mean that researchers were no longer 
saying anything new or unfamiliar. Science would then be an absolute 
system, literally foolproof, devoid of any ambiguity. Such a system 
cannot work.
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Moreover, passing all scientific publications through some elaborate 
machinery of moral certification rather than using reasonable vigi
lance to catch the few would-be offenders could be very costly indeed, 
not least in possibly discouraging the recruitment of future Galileos, 
Newtons, and their less talented but equally prickly cousins.

Then too, if more elaborate machinery should become necessary, I 
wonder who would set it up. Who would own and operate it? And 
what else would such a system be able and eager to provide? Let us not 
forget that there is always a strange crew waiting in the wings, anxious 
to set scientists and scholars aright and to punish what they perceive to 
be mistakes and heresies. To name just two contenders, there are the 
creationists and, at the other end of the spectrum, people like the late 
philosopher Imre Lakatos who aimed to set up universal criteria for 
distinguishing between what he called "progressive" as opposed to 
"degenerating" research programs. One of his candidates for the cate
gory of degenerating research programs was contemporary elemen
tary particle physics. He offered his help to funding agencies and 
editors of scientific journals, so that they might reject "degenerating" 
work and "lay down statute laws of rational appraisal which can direct 
a lay jury [for example, Congress] in passing judgment."'^ We can tell 
here that the fire in the stake is still smoldering, the stake on which all 
those were burned who ran afoul of an absolutist system.

Ah'gB BoAr Exemj&A:r

We have now seen some of the ways of defining science negatively 
and defensively, by preserving it against folly. A necessary exercise, no 
doubt. And one can certainly learn from the rare cases of deviance to 
improve the present system—for example, by discouraging what Pres
ident Donald Kennedy of Stanford University has called certain "hy
perkinetic" laboratories that turn out too many research papers per 
year for thoughtful quality control to operate properly; by editors of 
scientific journals demanding that coauthorship never be granted per
functorily, and demanding also that their prepublication reviewers 
assiduously examine submitted manuscripts for evidence of error or 
internal inconsistency of data. But surely we now also need the other 
side of the story—some definition of integrity in science that is positive 
and affirmative. For what will you answer your young students or
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assistants who, having read the booklet, come to you, their mentor, 
and say, "That is all quite commonsensical, but please tell us now what 
inspired you to select science as the most honorable way of spending 
your life"?

One way to answer is to hold up a standard or model by looking at 
the life and work of an Einstein or a Niels Bohr, or perhaps a James 
Franck, Max von Laue, Lise Meitner, Hans Bethe, or many others in 
the many sciences. They devoted themselves to the twin goals that give 
operational meaning to the phrase, honor in science, one being the 
obstinate search for truths that will lead us to a more coherent 
scientific picture of the world, and the other being the application of 
their god-given reason and intuitions to the job of making the world a 
saner place.

In this spirit, let us now return to Niels Bohr, a model par excel
lence. I see four principles of integrity of science that possessed him to 
the end, four principles that can be emulated in our time.

The first of these is simply this: Try to get it right at all costs, sparing 
no effort. You may have to seek help and advice where possible; but do 
all you can to prove to yourself and others that your scientific idea is 
correct. This principle of integrity of science in the narrowest interpre
tation of the phrase can nevertheless be very hard, and may even drive 
one to the edge of despair if one has selected a really worthy problem. 
I have been surprised how often the word "despair" comes up in the 
autobiographies and letters of some of our best scientists. Heisenberg 
once recalled his collaboration with Bohr in 1926 and 1927, saying 
"We couldn't doubt that this [quantum mechanics] was the correct 
scheme, but even then we didn't know how to talk about it. [These 
discussions] threw us into a state of almost complete despair."

As those of us who had the fortune to meet and talk with Niels Bohr 
know, he was always in the middle of a struggle to understand and to 
communicate his understanding. 1 once asked him why he expressed 
himself in such a complex way when he spoke, complex even com
pared to his writings, and he answered, "I do not choose to speak more 
clearly than 1 think." Another time 1 asked Bohr to tell me why he had 
not remained with J. J. Thomson at Trinity College in Cambridge— 
why he had left after a few months, going on to Manchester, where 
Rutherford was. Bohr replied, "I had really little knowledge of Eng
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lish, and therefore when Thomson talked to me about his theories I 
could always only say, 'This is wrong.' "

Now think of this episode in its historical context. Bohr was then an 
unknown twenty-six-year-old postdoctoral fellow; but he already knew 
that Thomson's ideas, based on classical nineteenth-century physics, 
were of little use in what we would now call solid state problems, which 
had interested Bohr during his dissertation work. But there he was, a 
new arrival from Denmark, the guest of Sir John, that discoverer of 
the electron itself, a man more than twice his age, head of the Caven
dish Laboratory, Nobel Prize 1906, knighted in 1908, and working on 
positive rays that would lead soon to the discovery of isotopes. Much 
later, in one of the interviews shortly before his death, Bohr said that 
he regretted he had seemed so abrupt at that time; but he also quite 
properly added a point which showed where the real problem was: 
that Thomson was not really interested in hearing how some young 
man could make his electron theory "a little better." In this encounter 
it was Bohr who did, and Thomson who did not, obey the first princi
ple, the imperative to try to get it right at all costs.

Obedience to this norm can force one to take risks on behalf of a 
hard-won scientific idea before it is fashionable or safe. Again, Bohr's 
life and work contain many powerful illustrations. On arriving in Man
chester, he soon saw that Rutherford's idea of a nuclear atom was 
right, and moreover that the atom "seemed to be regulated from the 
inner part to the outer by the quantum."^ This recognition im
mediately became the basis of Bohr's first great work. But think what it 
entailed at the time. Although Rutherford himself was at the first 
Solvay Congress, nobody mentioned his nucleus during that summit 
meeting of the major physicists of the day. It took a few more years, 
including Bohr's and Moseley's work, for scientists to catch on gener
ally. But Bohr had staked everything on it at once, and on the quan
tum ideas of Planck and Einstein that also were only beginning to be 
accepted by physicists. The result was the "Bohr atom" in Bohr's paper 
of 1913. It has long ago made its way into all the schoolbooks, but the 
reception at the time was quite different. Otto Stern is reported to 
have remarked, "If this nonsense is correct, 1 will give up being a 
physicist." Bohr said later, "There was even a general consent that it 
was a very sad thing that the literature about spectra should be con
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taminated by a paper of that kind." *3 The risk young Bohr took in his 
1913 paper couid weli have endangered his career. It was a physics so 
very different from that of Newton, Maxweii, Pianck, Thomson, and 
even Rutherford.

I have said that part of the first principle of integrity is that you must 
submit yourself to the dialogue with others to find out whether you are 
right. New science starts in the head of an individual, but it does not 
survive unless it becomes part of the consensus of the community. 
Bohr knew this well. When his mentor Rutherford received Bohr's 
paper in manuscript, he agreed to sent it on to be published despite his 
objections, but he wrote to Bohr, "1 suppose you have no objection to 
my using my judgment to cut out any matter I may consider unneces
sary in your paper?

Poor Rutherford! A considerably extended version of the earlier 
manuscript was already on its way to him, and soon thereafter Bohr 
himself appeared, on a visit from Denmark, where he had gone to 
establish himself. For many long evenings they discussed every point. 
Bohr reported that at the end, Rutherford declared he had not real
ized Bohr would prove so obstinate, but "he consented to leave all the 
old and new points in the final paper."^ Then Bohr went to Gottingen 
and Munich, and succeeded in bringing some of the older, skeptical 
physicists around.

That Einstein never gave in to the Copenhagen view on quantum 
mechanics was to Bohr a source of real unhappiness. Indeed, very few 
others escaped Bohr's almost missionary zeal. His collaborators such as 
Leon Rosenfeld were overawed by Bohr's unrelenting effort to attain 
clarity of fundamentals. But as we have noted in Chapter 2, Bohr's 
favorite quotation was from Schiller: "Only fullness leads to clarity / 
And truth lies in the abyss." To gain the real treasures one must be 
ready to descend into the abyss, that dangerous place at the bottom 
where two huge slopes push against each other. Imposing such heroic 
work on oneself, and emerging victorious—that is truly honor in sci
ence.

ON THE GROWTH OF PHYSICAL SCIENCE

AfaAmg Science Afore CoAerewt

I have already begun to move into the second of the principles. It 
concerns the difference between choosing the narrowly specialized
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problems—relatively safe but at the cost of the fragmenting and disin
tegrating tendency for the subject—versus choosing the more difficult 
problem that has some promise to bring coherence to the field, and 
with it integrity in the second sense of that word. To put it succinctly, 
the second principle might run as follows: Try to be a scientist first, a 
specialist second. If you have it in you to make more than individual 
bricks that others might use, throw your life's energies into work on 
what Einstein called the great temple of science.

Again, Niels Bohr can give us all the examples we need, even in his 
1913 paper, where he introduced the correspondence principle in its 
early form precisely in order to connect quantum physics with classical 
physics in the limit of large orbits. It is a powerful bridge which Bohr 
used to great advantage for years, for example for the theory of stop
ping fast-moving particles in matter, in his 1948 survey. Similarly, he 
dealt with the puzzle of light and matter for over two decades, trying 
ways to reconcile in each of these the discontinuity shown by quantum 
effects with the continuity shown in classical physics.

Dealing with science in a coherent way also led him to think about 
scientific fields far beyond physics, in a manner that few had dared to 
do since the days of Helmholtz and Ernst Mach. He struggled con
stantly with what he called "the epistemological lesson which the mod
ern development of atomic physics has given us, and its relevance for 
[the other] fields of human knowledge."^ One chief lesson of quan
tum mechanics was that atomic processes did not have to be described 
in fragmentary ways, with different theories for different effects, but 
that through quantum mechanics we could see the wholeness of the 
processes in and among atoms.

Could this lesson not be applied to wider fields? Bohr thought it 
could. Therefore his essays dealt often with "biological and anthro
pological problems," stressing the features of wholeness distinguishing 
living organisms and human cultures—at least insofar as such "prob
lems present themselves against the background of the general lesson 
of atomic physics."

To some extent, Bohr's pursuit of the second principle was part of 
the old hope of the "unity of all sciences," a phrase he often used. But 
it is not merely a phrase, an empty dream. That science is one organic, 
interlocking picture of the world shows up in almost any substantial 
scientific research today. A modern paper on cosmology is really a
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jigsaw puzzle of which the pieces might well carry individually such 
labels as "elementary particle physics," "general relativity," "applied 
mathematics," and "observational astronomy." An experiment in 
neurophysiology brings together physics, chemistry, biology, com
puter technology, mathematics, and engineering, all at once. Such 
examples are becoming the rule. As Bronowski wrote, "Science is not a 
set of facts, but a way of giving order and therefore giving unity and 
intelligibility to the facts of nature."^"

If Bohr himself did not work directly in fields outside the physical 
sciences, he did persuade some of his younger collaborators. A major 
example of course is Max Delbruck, who gladly confessed that the 
prime motivation of his own early work in biology was "Niels Bohr's 
suggestion of the complementarity principle in biology as a counter
part to the complementarity principle in physics."*'

ON THE GROWTH OF PHYSICAL SCIENCE

A IVorM View /wcorporatmg- -Science

As we come to the third principle exemplified in Bohr's life and 
work, the area of action, opportunity, and obligation for the responsi
ble scientist widens still further, and so does the challenge to follow 
Bohr's example. Both the findings of modern science and its "habit of 
truth to experience" have penetrated deeply into the world of culture 
as a whole. The third principle of integrity in science might go like 
this: "Science is, and should be, part of the total world view of our 
time. This is a vision you should imaginatively explore, defend, and 
contribute to."

There are various ways of implementing such a vision, and Niels 
Bohr was active in each of them. There is of course the task of peda
gogy, the need to bring scientific understanding to all parts of society, 
not least because persons living in this modern world who do not know 
the basic facts that determine their very existence, functioning, and 
surroundings are living in a dream world. Such persons are, in a very 
real sense, not sane.

Then there is the link of science and policy. If that link is not under
stood, if the technical implications for good and ill are not made clear, 
democracy is at risk because the leadership can be caught up in fan
tasies—whether technocratic or Luddite—and the citizenry cannot 
partipate in the basic decisions that have technical components.
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But for Bohr, the third principle asserted itseif aiso in an almost 
compulsive pursuit, during the last twenty years of his life, to find 
bridges between scientific knowledge and such nonscientihc fields as 
ethics, the arts, and philosophy. We noted in Chapter 2 that Niels Bohr 
was interested in philosophy from early youth on, looking for "great 
interrelationships" among all areas of knowledge.^ This ambition 
eventually took a different and grander form, based chiefly on the 
complementarity principle of 1927. There are various statements of it. 
Niels Bohr's own briefest formulation goes like this: "Any given appli
cation of classical concepts precludes the simultaneous use of other 
classical concepts which, in a different connection, are equally neces
sary for the elucidation of the phenomena."^ The issue behind all 
this, as Robert Oppenheimer and many other have stressed, concerns 
the three great overlapping questions: What is objectivity? What is 
reality? Is the world deterministic or not? For classical physics, it was 
possible to say that the world was deterministic in the sense that if the 
positions and momenta of all objects were measured, the future course 
of all history would be known. But, Bohr asked, would this be true on 
the atomic scale? Could lAal world be known more and more certainly, 
independent of our own predilections, or decisions, our laboratory 
arrangements?

As we know, Bohr, Heisenberg, and others of that circle gave a 
resounding "No" to that question in the 1920s. Objective knowledge of 
a phenomenon, in Bohr's terms, is what you learn from the full reports 
of the experimental arrangements that probe into the phenomenon— 
arrangements, be it noted, of apparatus on the scale of everyday life, 
and describable in ordinary human language (with mathematics 
merely a compact and refined extension of it). There is no firm bound
ary between that which is observed and the observing machinery; the 
boundary is movable, and the different descriptions that result from 
different placements of the boundary are complementary. Together 
they give an exhaustive account of whatever one means by reality. 
Objectivity, according to the Copenhagen school, is therefore, in Op- 
penheimer's phrase, not an "ontological attribute"—that is, not a de
scription of the property of being—but becomes a problem of com
munication.

In our study of the roots of Bohr's complementarity principle, we 
noted his hope to extend complementarity beyond physics, in dealing
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with such opposing concepts or mutaHy exclusive experiences as 
thought and introspection, justice and charity, the processes in the 
living cell and the biophysical, biochemical analysis of organisms. By 
holding up his ambitious attempt for examination, I am of course not 
proposing that Niels Bohr's own solution to meet the obligation of the 
third principle of integrity be universally adopted. Rather, I am illus
trating the challenge which genius sets for itself. We, in our more 
humble ways, should also do what we can to explore the links between 
the sciences and with the other areas of scholarship, or we shall be 
pushed out of the common culture. The lab remains our workplace, 
but is must not become our hiding place.

The full grandeur of Bohr's ambition was to apply the complemen
tarity point of view also to the understanding and toleration of differ
ences between traditional cultural systems. What gave it all such 
urgency for him was of course his perception that the most time- 
honored method of conflict between societies was chiefly the attempt 
by one to annihilate the other, and that in the atomic age this method 
had become a guarantee for universal catastrophe, for mutual suicide. 
As Bohr put it, the main obstacle to a peaceful relation between vari
ous human societies is "the deep-rooted differences of the traditional 
backgrounds . . . which exclude any simple comparison [or accommo
dation] between such cultures. It is above all in this connection that the 
viewpoint of complementarity offers itself as a means of coping with 
the situation."^

He never gave up the hope that this could be achieved, although he 
knew it would not be done soon. On the day before his death, in his last 
interview, he said, "There is no philosopher who really understands 
what one means by the complementarity description. It has to go [into] 
the schools." The Copernican system was, for a long time, not accepted 
by the philosophers. But eventually "the school children didn't think it 
was so bad. [This is how it got into] common knowledge. I think it will 
be exactly the same with the complementarity description."

77?.r .S'cicHtMt'.s Ag.s/joK.s:M;t)' to Society

With this I have come to the fourth, the last and most demanding of 
the principles of integrity: the special obligation scientists have to exer
cise sound citizenship, each in his or her own way. There are many
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reasons why the obligation is and the very opposite of elitist
arrogance. The most obvious one is simply this: Having been helped to 
become scientists and to live as scientists in this suffering world, we are 
the beneficiaries of unusual privilege, of scarce resources, and of the 
painful labors of our scientific parents. The mechanics we learned in 
school came to birth in the anguish of Galileo, dictating his book in his 
old age, disgraced, blind, and under house arrest. Kepler died on a 
highway like a dog, on one of his futile journeys to find money to pay 
for printing the books from which we have learned about his laws. 
Indeed, many of the formulas we rely on every day were distilled from 
the blood and sweat of our distant forebears, most of them now forgot
ten. We stand not only on the shoulders of a few, but also on the graves 
of thousands.

Science by its nature is cumulative and consensual, a social activity 
across space and time. In addition, any new scientific finding has the 
potential of changing, sooner or later, some part of the life of man
kind, and not in every case for the better. Under these circumstances, 
one must conclude that science has a just claim to moral authority 
when, and only when, it is widely seen as an activity that honors both 
truth and the public interest. By this 1 do not mean that each individ
ual scientist must be active beyond science as were Bohr and Einstein; 
nor do I mean that the necessary funds should not be spent on the 
instruments on which the future development of the sciences will de
pend. But I do mean that when we look over the profession as a whole, 
we must be able to say that this group, through the activities of enough 
of its members, is responding to its special responsibilities—special for 
all the reasons I have given, but also because on certain issues our 
scientific knowledge does give us an opportunity to make essential 
policy suggestions. And special too, some may wish to add, simply 
because the flow of so much good brain power into science and tech
nology today may have caused a corresponding deficit or opportunity 
cost in the rest of the polity.

Here again, Niels Bohr is an exemplar of the good citizen within the 
republic of science. This came through in so many ways, earliest per
haps by his openness to and encouragement of new talent, no matter 
from where it came. But from the many illustrations we must finally 
select the example he gave us through his dedication to oppose the 
arms race.
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More than most others, Bohr thought of the atomic bomb not only 
as decisive in countering any such German effort: as his memoranda to 
President Rooseveit and iater his tetter to the United Nations show, 
Bohr also thought of such weapons as ending at last the of
war. Thus he wrote, "The expectations for a future harmonious inter
national cooperation . . . remarkably correspond to the unique oppor
tunities which . . . have been created by the advancement of science."^ 
For this to happen, as he saw very ctearty, one had to preempt a 
nuclear arms race after World War II. To achieve that, in turn, meant 
capturing the energies of all the world's scientists, as well as of the 
atom itself, for peaceful purposes. And that inevitably meant we would 
need an "open world," for the verification of arms control agreements, 
for sharing technical information for peaceful uses, and also for shar
ing more in one another's cultures.

The main stumbling block, he knew well, would be dealing properly 
with the Soviet Union. Often invaded, and again deeply ravaged by 
war, its citizens viewed themselves as a great nation, beleaguered but 
not to be coerced. To avoid a fatal increase in hostility and suspicion on 
their part, Niels Bohr argued again and again in 1944 and early 1945 
that one would have to bring them in before the end of the war, while 
they were still allies, to reach an understanding of the world's common 
interests, including the industrial uses of atomic energy, based on con
cessions on each side.

Bohr saw a unique opportunity the full development and de
ployment of a new weapons system, an opportunity in which histori
cally based rivalries and contrary traditions could be submerged and 
their negative potential defused. He urged also that scientists of dif
ferent countries, used to international collaboration and having bonds 
across national frontiers, could prove especially helpful with the delib
erations of their respective governments. Finally, he hoped that the 
world's political leadership would contain sufficiently many statesmen 
to whom scientists could speak on such matters and who would under
stand them.

We know of course how very differently it all came out. In early 
1944 Churchill and, at his urging, Roosevelt agreed that the Soviet 
leadership be faced with a /ait accoŵ R of the atomic bomb's develop
ment. Thereby they were betting that secrecy was really working, and 
that any Soviet buildup of a similar system later on would be slow.
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Neither turned out to be true. Incidentally, they also agreed that Bohr 
should be carefully watched. If it had been up to Churchill alone, Bohr 
would probably have been interned.

Scholars will debate for years whether a break through the fears on 
both sides, and particularly through the alienation of Stalin and his 
circle (about whom Bohr had no illusions), could have resulted from 
the vision of a harmonious and progressive world which Bohr urged. 
With his usual eloquence, Robert Oppenheimer summed up the hope
ful view in these words: "I think that if we had acted wisely and clearly 
and discreetly, in accordance with Bohr's views, we might have been 
freed of our rather sleazy sense of omnipotence, and our delusions 
about the effectiveness of secrecy, and turned our society toward a 
healthier vision of a future worth living for."^

Even as yet another enormous and potentially destabilizing weapon 
system is being designed, these words should remind us how fatefully 
the world today is facing a moment of history that has close analogies 
to the situation then. And once more, as Niels Bohr and others have 
shown at similar points, the moral authority of scientists as citizens will 
be tested by the seriousness, courage, and eloquence with which they 
inform the current debate.

With these four principles in mind, when our students and col
leagues inquire about integrity in science, let us tell them of Niels 
Bohr. Let us tell them that integrity is not achieved merely through 
fear of sanctions against dishonor, but must be earned through posi
tive acts: acts motivated by some understanding of the grand history of 
our science, and of our privileged place in it; motivated by the scope 
and beauty and seriousness of our quest as scientists; motivated by the 
growing hope that science will lead to a coherent world picture; and 
not least motivated by our responsibilities, as scientist-citizens, to the 
large society that has nourished us, the society which we must help to 
live, or with which we shall perish.
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REVISED EDITION

[HE M AIN PURPOSE of this section is to provide, chiefly for semi- 
[nars and courses, a selected sampling of comments on, discus

sions concerning, and uses of the thematic approach to the study of 
scientific case histories, as found in the literature since the material in 
these chapters was first published. This Postscript, therefore, is not 
intended as a finding guide to the total literature of the topics dis
cussed, such as can be found in Stephen G. Brush, T H E  H IST O R Y  OF 

M O D E R N  SCIENCE: A G U ID E  TO T H E SEC O N D  SC IEN TIFIC  R EVO LU TIO N, 

1 8 0 0 - 1 9 5 0  (Ames: Iowa State University Press, 1 9 8 8 ) ;  Stephen G. 
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John L. Heilbron and Bruce R. Wheaton, LITERATURE ON TH E H I S 

TORY O F  PH Y SIC S IN TH E 2 0 T H  C E N T U R Y  (Berkeley: University of 
California Office for History of Science and Technology, 1 9 8 1 ) ,  or in 
the bibliography at the end of Ian Hacking, SCIENTIFIC REVO LUTIO NS  

(New York: Oxford University Press, 1 9 8 1 ) .  1 do not intend the refer
ences given below to be thought of as complete by any means, nor do I 
necessarily agree fully with the comments by the authors.

Among the commentaries on my thematic approach have been those
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framework of contemporary research in biology, see E. O. Wilson, 
Piofogy and lAe Social .Sci'eKee.s, D A E D A L U S , 2:127-140, Fall 1977.

In sociology, see Robert Nisbet, 7'AemM aw7 .S'ĥ .s, chapter 2 in his 
book S O C IO L O G Y  A S A N  A R T  F o R M  (Oxford: Oxford University Press, 
1976); and Michael Mulkay, S C IE N C E  A N D  T H E  S O C IO L O G Y  O F  K N O W L 

E D G E  (London: George Allen and Unwin, 1979). For literary criticism, 
see Donald Fanger, T H E  C R E A T IO N  O F  N iK O L A i  G O G O L  (Cambridge, 
Mass.: Harvard University Press, 1979), chapter 9; and Claudio Guil
len, E N T R E  L O  U N O  Y L O  D lV E R S O : iN T R O D U C C ld N  A LA L lT E R A T U R A

C o M P A R A D A  (Barcelona: Editorial Critica, 1985), chapter 14, Las 
T^maj.' PematoAigia.

The applicability of thematic analysis to the history of science has 
been commented on in a number of publications, including Helge 
Kragh, A N  IN T R O D U C T IO N  T O  T H E  H IS T O R IO G R A P H Y  O F  S C IE N C E  (Cam
bridge: Cambridge University Press, 1987), chapter 8, -SWi/cAur and
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OrgWMza&w. The case studies in Peter Galison's How EXPERIMENTS 

END (Chicago: University of Chicago Press, 1987) are to a degree 
concerned with the role of presuppositions and other transcultural 
commitments that include themata. See also William A. Wallace, CAUS

ALITY AND SCIENTIFIC EXPLANATION, vol. 2, CLASSICAL AND CONTEMPO

RARY SCIENCE (University of Michigan Press, 1974), chapters 4 and 5; 

J. C. Jarvie, On tAe History o/ Science, QuEENS QUARTERLY, 8 7 :6 5 -6 8 , 

1980; Thaddeus J. Trenn, PHILOSOPHY O F  SCIENCE, 4 1 :4 1 5 -4 1 8 ,  

1974; and Maurice A. Finocchiaro, TAe Concept of yndgment, Epis- 

TEMOLOGiA, 3 :1 8 2 -2 1 8 , 1980. A major part of Stephen J. Gould, 
TiME's ARROW, TiME's CiRCLE (Cambridge, Mass.: Harvard University 
Press, 1987) is in effect an eloquent exploration of two opposite 
themata (further analyzed in the review by Frank J. Sulloway in NEW 
YORK REVIEW OF Booxs, Mar. 28, 1987).

Among others who have noted the usefulness of thematic concep
tions put forth in the first edition of this book are the following. In 
linguistics, Roman Jakobson, Einstein and tAe Science of Language, in
A L B E R T  E l N S T E I N ,  H I S T O R I C A L  A N D  C U L T U R A L  P E R S P E C T IV E S , ed.
Gerald Holton and Yehuda Elkana (Princeton: Princeton University 
Press, 1982). In psychology, Erik Erikson, Toys A N D  R E A S O N S  (New 
York: W. W. Norton, 1977); Jean Piaget, 7 Ae PyycAogenew ofKnondedge 
anti Rs Efwtemofogicni Significance, in L A N G U A G E  A N D  L E A R N IN G , ed. 
Massimo Piattelli-Palmarini (Cambridge, Mass.: Harvard University 
Press, 1980), see also the Introduction; and Jerome Kagan, Emergent 
TAerne.s in /7reman Deuefofwient, A M E R IC A N  S C I E N T I S T ,  64:186—196, 
1976.

For uses of thematic conceptions in philosophy of science, see 
Yehuda Elkana, TAe ATytA of" Simfriicity, in Holton and Elkana, A L B E R T  

E l N S T E I N ,  H I S T O R I C A L  A N D  C U L T U R A L  P E R S P E C T IV E S ; and Stephen 
Toulmin, TAe /nte/fectnaf AntAority and tAe Socinf Context of̂  tAe Scientific 
Enterfnise.' TLofton, Re.scAer, and EaAato.s, M iN E R V A , 20:652—667, 1982. 
In the sociology of science, see Diana Crane, IN V IS IB L E  C O L L E G E S  

(Chicago: University of Chicago Press, 1972); and Harriet Zuckerman 
and Joshua Lederberg, T o R m n tM r e  Scientific Discovery? N A T U R E , 324: 
629-631, 1986.

1 now turn to commentary on specific chapters in this volume since 
their original publication. With respect to Chapter 1, TAe TAematic 
/mngrnatMn in Science, and Chapter 3, 7'Aemntic and Styitstic /nterf7reta-
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Aotty, the most conveniently available additional material from my own 
work on thematic analysis will be found in chapters 1—4 of my THE 
SCIENTIFIC IMAGINATION: CASE STUDIES (New York: Cambridge Uni
versity Press, 1978), and in chapters 1, 2, 3, 4, 7, and 8 of my THE 
ADVANCEMENT OF SCIENCE, AND ITS BURDENS (New York: Cambridge 
University Press, 1986).

In the time since Chapter 2, /oAanMM Rcp/cr'.s Umvcryg, was written, a 
great deal of scholarship on Kepler has appeared in print. If a student 
could consult only one of these, it would have to be the magisterial 
volume by Alexandre Koyre, T H E  ASTRONOMICAL R E V O L U T IO N : 

C o P E R N icu s , KEPLER, BoR ELLi, translated by R. E. W. Madison (Ithaca: 
Cornell University Press). With respect to Chapter 4, RAe Rooty opCom- 
p/omcr̂ arAy, I may point to additional material in Chapter 12 of this 
volume regarding Bohr's ambitious program for exploring the far
thest reaches of the complementarity point of view.

C oncerning Chapter 6, Ow tAc Origins o/ tAc Special TAcoty opRelativity, 
it is worth noting that w hen the material in that chapter was first 

drafted, there was virtually no serious scholarship extant on this topic. 

Now it is a burgeon ing held  o f  research. As a supplem ent to Chapter 

6, I would cite chapters 3 and 4 in my ADVANCEMENT OF SCIENCE. T h e  

m ost extensive study o f  the origins and early interpretations o f  Ein

stein's 1905 paper on  relativity is Arthur 1. Miller, ALBERT EiNSTEiN's 

SPECIAL THEORY OF RELATIVITY (Reading, Mass.: Addison-W esley, 

1981). See also Miller, IMAGERY IN SCIENTIFIC THOUGHT: CREATING 

20TH-CENTURY PHYSICS (Cam bridge, Mass.: M IT Press, 1986), chapter

1, Romcarc anA Emytem, and chapter 3, TAe .S'pccm/ RAcoiy op Rc/aAvAy.' 
EAiyfcm'y Response to tAe RAyytcy awA RAAo.sopAy op 7903; and his FRON

TIERS OF PHYSICS 1900-1911 (Boston: Birkhauser, 1986), chapters 1,
2, 4, and 5.

A comment should be made here to counter the old idea—now 
happily dying, if only slowly—that Einstein must be seen as a "revolu
tionary." Evidence of how distasteful that idea was to Einstein himself 
is given in chapter 4 of A D V A N C E M E N T  O F  S C IE N C E . As a general anti
dote to the fashion of looking for revolutions in every major scientific 
advance and the idea that these are driven by "crises," I recommend 
R:(/aA; op,Simp Ac Ay, chapter 7 in Abraham Pais, IN W A R D  B O U N D  (New 
York: Oxford University Press, 1986), and Owen Gingerich, " C r A A "  

v c ry i iy  A a s tA e A c  i n  tA e C o p c r w A a w  R c v o A tA o w , in V iS T A S  IN  A S T R O N O M Y ,

THEMATIC ORIGINS
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vol. 17, ed. A. Beers and K. Aa. Strand (New York: Pergamon Press, 
1975).

Chapter 7, MacA, Einstein, anei tAe êareA /or Eeaiity, has been one of 
the more commented-on portions of the book, as it deals with Ein
stein's progress "from a philosophy of science in which sensationism 
and empiricism were at the center, to one in which the basis was a 
rational realism." 1 do not agree that this was a descent into metaphys
ics on Einstein's part, despite his own mocking designation of himself 
as a "metaphysicist" (in his letter to Moritz Schlick, Nov. 28, 1930) or as 
a "tamed metaphysicist" (in his book IDEAS AND OPINIONS [New York: 
Crown Publishers, 1954], p. 342). With this caveat, 1 recommend Ar
thur Fine, THE SHAKY CAME: EtNSTEIN, REALISM AND THE QUANTUM 

THEORY (Chicago: University of Chicago Press, 1986); John T. Black- 
more, ERNST MACH, H is LiFE, WoRK, AND INFLUENCE (Berkeley: Uni
versity of California Press, 1972); and the typically idiosyncratic essay 
by Paul K. Feyerabend, MacA's TAeory o/EesearcA /A ReiatMw A; Ein
stein, STUDIES IN  HISTORY AND PHILOSOPHY OF SCIENCE, 15:1-22, 1984.

Whether or not Mach turned his back on relativity is actually of little 
consequence to the issue treated here in Chapter 7, for when Mach's 
disavowal was published in 1921, he had been dead for five years and 
Einstein had substantially completed his epistemological "pilgrimage." 
Still, a brief comment may be in order regarding a recent book, Ce- 
reon Wolters, MACH I, MACH 11, ElNSTEIN UND DIE RELATIVITATS- 

THEORiE: EiNE FALSCHUNG UND iHRE FoLGEN (Berlin: Walter de 
Gruyter, 1987). The book presents some plausible arguments for 
revisions of a few generally held views on details, such as the date of 
Einstein's visit to Mach, and the order of the last two of Einstein's 
letters to Mach. But the main novelty is the claim that Mach's abjura
tion of relativity theory, in the foreword to his OPTICS, dated July 1913 
but published posthumously in 1921, was really a forgery by Mach's 
son Ludwig. However, no direct documentary evidence for this sup
posed forgery exists. Wolters's effort to support his case with circum
stantial evidence and fragmentary or out-of-context arguments re
mains quite unconvincing.

As the first pages of Chapter 8, Einstein, ATcAeisan, an<f tAe "Cmciai" 
Experiment, record, at the time the chapter was written, historians and 
philosophers of science as well as physics textbook writers were in 
almost unanimous agreement that the Michelson-Morely experiment
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was a crucial guide for Einstein in the genesis of his relativity theory. 
This point has also been made by Tetu Hiroshige, TAg EfAgr ProM gm , 
tA g M g c A a t w h c  W o r M w g w ,  a w A  lA g O t i g f w  o /  fAg T A g o iy  o f  R g /a A u A y ,  H I S 

T O R IC A L  S T U D IE S  IN  P H Y S IC A L  S C IE N C E , 7:3—5, 1976. That view was 
part of, and reinforced, a major branch of the philosophy of science 
incorporating experimenticism. The whole thrust of my chapter, how
ever, was to show that the documentary evidence, above all Einstein's 
own first-hand testimony, is altogether different. As the "Concluding 
Remarks" of Chapter 8 stress, the final balance of the evidence is that 
the influence of the famous experiment was neither direct and crucial 
nor completely absent, but small and indirect. In 1905, Einstein was of 
course aware of the negative outcome of some recent ether-drift ex
periments, as he noted on the first page of his 1905 paper. But in the 
genesis of the theory he was primarily guided by far more compelling 
considerations, which he identified in several passages quoted in the 
chapter.

Since that publication there have been only a few relevant further 
developments. One is the pleasant fact that textbook writers by and 
large have accepted a historically correct version. See, for example, 
Stephen Gasiorowicz, T H E  S T R U C T U R E  O F  M A T T E R : A S U R V E Y  O F  M O D 

E R N  P H Y S IC S  (Reading, Mass.: Addison-Wesley, 1979), or the textbooks 
by Robert Resnick. With respect to additional documents by Einstein 
himself, the few that have come to light have supported the conclu
sions in Chapter 8. Chief among these documents are the following:

1. In a newly found letter of 1899 (Document 57 of T H E  C O L L E C T E D  

P A P E R S  O F  A L B E R T  E i N S T E iN ,  vol. 1 [Princeton: Princeton University 
Press, 1987]) Einstein indicated that he had read Wilhelm Wien's pa
per, UgAgr Afg Frag'gw, wgfcAg Afg IrawAAorMcAg BgigggMMg Agi ZAcA%AtAgr.s 
Agtrĝ gn, A N N A L E N  D E R  P H Y S iK  U N D  C H E M iE ,  65:i-xvii, 1898. In it Ein
stein would have seen a discussion of ten "experiments with negative 
result" on the supposed existence of a fixed ether; the Michelson- 
Morley experiment was the last on Wien's list, with Wien's acknowledg
ment that it was necessary to adopt a "hypothesis" of the compensatory 
shrinking of the length dimensions of rigid bodies to rescue the inter
pretation of the experiment. See also John Stachel, Eiw^gm awA AAAgr 
D W /t-E x ^ g rM M g w ts , P H Y S IC S  T O D A Y , 40:45—47, 1987; he concludes that 
from the documents available for the period 1899—1902, "the new 
evidence thus serves to confirm . . . [the] conclusion that the experi-
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ment [of Michelson-Morley] did not piay a significant roie in Einstein's 
work."

2. In a letter of January 19, 1909, to Arnold Sommerfetd (see M. 
Eckert and W. Pricha, Dig grstgw Brfg/g AfAgrf Diwigim aw ArwcM -S'om- 
wgt/gM, P H Y S iK A L ts c H E  B L A T T E R , 40:32, 1984), Einstein wrote: "If 
Fizeau's Experiment and the measurements concerning the velocity of 
fight in vacuum had not been at hand, the material for establishing the 
Relativity Theory would have been lacking." The values for the veloc
ity of light then available had come, first, from the well-established 
stellar aberration measurements, to which Einstein often referred later 
(for example, see R. S. Shankland's report, cited in Chapter 8, that on 
February 4, 1940, Einstein "continued to say that the experimental 
results which had influenced him most were the observations on stellar 
aberration and Fizeau's measurements on the speed of light in moving 
water. 'They were enough,' he said"). Among other well-established 
velocity-of-light experiments was Foucault's.

On the other hand, Einstein accurately saw that the Michelson- 
Morley experiment could be used to gain credibility for the Relativity 
Theory in the community of physicists, and he wrote to Sommerfeld 
on January 14, 1908 (Eckert and Pricha, Dig grttgw Brfg/g AJ&rt Diw- 
Vgm.;, p. 30): "If the Michelson-Morley experiment had not placed us 
in greatest embarrassment, nobody would have perceived the relativity 
theory as (half) salvation." Einstein later repeatedly made such refer
ences to the justificatory and pedagogic usefulness of the Michelson- 
Morley experiment; see the quotation and discussion in Chapter 8.

Only one point needs to be added. Very different from the tes
timony found in Einstein's own writings—and even in direct quota
tions of his words in a published report by a credible interviewer—is a 
recent document that illustrates both an elementary problem in histor
ical scholarship and the need for skeptical vigilance with respect to 
sources. I refer to an article in the journal P H Y S i c s  T O D A Y  that ap
peared in August 1982 with the promising title Flow /  Crgatg<F t/;g TAgory

RgAttnwty, under the name of Albert Einstein. Needless to say, it 
began to make its way into the literature as a newly found document 
from Einstein's pen. But on examination it turned out to be something 
very different altogether; it is actually an English translation of an 
article originally published with a different title in a Japanese journal, 
not by Einstein but by Jun Ishiwara. In the original Japanese publica-
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tion a preface by Ishiwara—omitted from the English translation of 
1982—explained that he was only rendering, "in my own words" 
rather than Einstein's, "the gist" of an impromptu talk "in simple 
terms" which Einstein had given in German to students when he 
visited Kyoto in 1922. Moreover, the translation from Japanese into 
English is in some places greatly open to question. Altogether, the 
1982 publication has only a distant and uncertain connection with 
what Einstein may have said in 1922. These and other problems with 
this article are analyzed in A. 1. Miller, Ernstcm anc/ A?:c/a:/.son-Afor Ay, 
PHYSics TODAY, 40:8-13, 1987.

Some of the ideas in Chapter 9, On Trying to Cn̂ rr.s/aw<7 Scicuti/tc 
GAMMAS, have been further elaborated in ADVANCEMENT OF SCIENCE. 

Specifically, chapters 1, 4, and 14 discuss the great tradition that Ein
stein called the scientist's "supreme task," namely to form for oneself 
"a simplified world picture that permits an overview" of the whole of 
science. Further discussion on the problem of visualizability in the 
formation of scientific concepts can be found in chapters 7 and 12 of 
ADVANCEMENT OF SCIENCE. The classic general survey on this topic is 
Rudolf Arnheim, VISUAL THINKING (Berkeley: University of Califor
nia Press, 1971).

The section entitled (using Einstein's words) "What, precisely, is 
thinking'?" in Chapter 9 of this book has been elaborated in my chap
ter with the same title in EiNSTEiN, A CENTENARY VOLUME, ed. A. P. 
French (Cambridge, Mass.: Harvard University Press, 1979). In addi
tion, chapter 2, TinsAiw's Afo&i /or CowtrMctmg a .S'cAwIi/ic T/tcory, in 
ADVANCEMENT OF SCIENCE is another treatment of Einstein's epis
temology in practice.

The analogy in Chapter 10 for the evolution of scientific knowledge 
has a long history, but recently it has been given prominence in inter
esting forms by several philosophers and sociologists of science. See, 
for example, Stephen Toulmin, HUMAN UNDERSTANDING, vol. 1 
(Princeton: Princeton University Press, 1972), particularly chapters 3— 
5. Students may find John Ziman, RELIABLE KNOWLEDGE (Cambridge: 
Cambridge University Press, 1978), useful for a different but related 
view of the scientific belief system.

It is a measure of the very processes discussed in Chapter 11, Mo&A 
/or Gncfcrstanding tAc GrozotA o/Research, that in the time since it was first 
published, many of the absolute figures given in it have increased by
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about one order of magnitude. To give just one example, the record 
for the number of authors' names on a scientific paper in experimenta) 
physics recently stood at 135 (in PHYStcs LETTERS, 122B:103, 1983), 
but that record is already endangered. Yet the processes still seem to 
follow the same pattern as science continues its roughly exponential 
growth. It is also more than ever true that the labors of scientists are 
not merely cumulative; rather, the new tends to make the old invisible 
by absorbing it. This is surely one of the chief differences between the 
products of science and those of art and literature; in the latter, each 
work retains in principle its authenticity, its individual claim to respect 
from later practitioners, critics, or the public, and can maintain con
tinued vitality as a source of new beginnings.

For an interesting and stimulating discussion of many of the issues 
taken up in Chapter 11, see Nicholas Rescher, SCIENTIFIC PROGRESS 

(Oxford: Basil Blackwell, 1978), and Marc De Mey, THE COGNITIVE 

PARADIGM (Boston: D. Reidel, 1982).

In this Postscript, I have undoubtedly failed to include publications 
by a number of other authors that have equally good connections with, 
or illuminating commentary on, the issues raised in this volume. 1 shall 
be grateful to those who write to me to point out such deficiencies.
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7:399-421, 1967.

Chapter 4: DAEDALUS, THE JOURNAL OF THE AMERICAN ACADEMY OF
ARTS AND SCIENCES, 99:1015-1055, 1970.

Chapter 6: A condensation of Chapters 5, 6, and 7, and some passages 
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