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Abstract: 
What is the world made of? 
 
From Antiquity to our day, philosophers and scientists have battled over this question, deploying 
vivid inventions of the imagination and, more recently, ominous speculations about the darkness 
of matter, energy, and black holes. Among these various thinkers, one primary debate has been 
whether the fundamental processes of physical nature are intuitively comprehensible or are 
inherently unimaginable. 
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Our	Puzzling	Universe:		
From	a	Promising	Beginning	to	Forbidden	Knowledge.	
 
Gerald Holton 
 
In the Beginning, there was only darkness. Many hold that God created the heavens and earth 
while they were still invisible, before light was commanded to exist. Others maintain that the 
cosmos emerged from the Big Bang, with radiation appearing only some 400,000 years later. 

But both religion and science agree at least to this: At the origin, invisibility reigned as darkness 
was on the face of the deep.  

Eventually, atoms and molecules assembled themselves and could radiate light, permitting our 
understanding, from the study of gargantuan galaxies to the grasping of tiniest particles. 

Yet my purpose here is to report that at the end of this huge arc of history, we have come upon a 
deeply disturbing realization: At a most fundamental level, physical phenomena turn out to be 
invisible – there, within prescribed limits, we have to embrace the unimaginable and 
unknowable. Knowledge of how the world works in the most intimate detail is forbidden, hidden 
forever in darkness. 

To explain, I must start here with the atom. It was initially merely the part of the thematic 
presupposition, without any direct evidence, that the universe is made only of atoms and the 
void. One stands in awe of the passionate pursuit of this dangerous idea for well over two 
thousand years. 

An important question remained. What were these invisible atoms like? Did they always hang 
together in swarms, or did matter consist of individual atoms and molecules.  

This question was solved by Jean Baptiste Perrin, the French physicist. His Nobel Prize award 
for this work, presented to him in 1926, prominently contained the word "atom" in the sense we 
understand it now – as a "discontinuous structure".  At long last, the dangerous idea of antiquity, 
from Leucippus, Democritus, Lucretius and their pupils officially emerged, less than a century 
ago, from a passionate fantasy to a provable fact. 

Of course, physicists had for decades begun to use models of the individual atom. A striking 
example was Niels Bohr's famous paper of 1913, where the 28-year-old Dane explained how 
hydrogen emits its spectral lines at their different, measurable frequencies. To this end he 
proposed a plausible and simple image of an arrangement of the electron's orbits around the 
nucleus, mimicking the Newtonian planetary system. From this mental model Bohr deduced the 
existence of the observable frequencies of the emitted and absorbed spectral lines. 
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We all can immediately imagine both displays, Bohr's atom and Newton's planetary system, for 
each has the important property of being intuitively apprehensible. Bohr's model, as he pointed 
out, corresponded to the observed frequencies of the lines only to within an uncertainty of a few 
percent. But soon it was extended and modified to be much closer to the experimental data. 
Indeed, the search for perfection, for the infinitely detailed knowledge of physical phenomena, is 
an important key to the mindset of most scientists. One of my colleagues, the fine physicist 
Gerald Gabrielse, has devoted years to the experimental measurement of the magnetic moment 
of the electron. His latest value has an agreement of theory and experiment within an uncertainty 
of one part per trillion. And more studies are in progress. For this tribe, it is a solemn duty to 
reach to Certainty beyond any previously known Uncertainty. Einstein said repeatedly that the 
overwhelmingly important task of science is to achieve a “Gesammtauffassung”, a complete 
understanding, without any in-principle inscrutable or unresearchable limit.   

 At this point we must turn to the work of a young scientist, a triumphant rebel: Werner 
Heisenberg  He had excelled in his Humanistische Gymnasium years in Munich, especially 
impressed by Plato's philosophy, but of course also having his copy of Immanuel Kant. 

While studying for his doctorate, he attended a grand occasion in 1923, arranged for a visit of 
Niels Bohr, who was being honored for his further advances in quantum physics, far beyond his 
original paper. For young Werner, it was a life-changing occasion, for Bohr got to talk to him, 
recognized his brilliance and potential, and eventually invited him to Bohr's Institute in 
Copenhagen. There, Heisenberg became Bohr's student, his collaborator, and in a way his 
adopted son. 

As Heisenberg often told, in June 7, 1925 he had a fateful epiphany. He had gone alone to a 
barren North Sea Island to escape an attack of hay fever,  intending both to work on quantum 
physics calculations and to learn by heart some of Goethe’s poems. As he later wrote: "when the 
final result of the calculation lay before me", a "deeply shaking" experience occurred, for "it 
seems as if the electron will no more move in orbits". This was contrary to the old atomic model 
of his patron, Bohr. 

And in addition, yet another part of the old faith has to be put aside: the reign of the Kantian 
demand for intuitive visibility. This occurred in Heisenberg's famous, groundbreaking 
publication of 1927. There he showed that from this new point of view one needs to face in 
atomics an "Ungenauigkeit", a word best rendered as inexactitude but which is usually translated 
as Uncertainty or Indeterminacy – words that since then have entered discussions ranging from 
science to philosophy and popular talk. Indeed, as David Cassidy, Heisenberg’s biographer, put 
it, that concept helped to "fundamentally alter our understanding of nature and our relation to it."  

Heisenberg next reminds us of the fact that classical physical theory depended on its ability to be 
intuitively perceptible, as for example to fully determine both a body's velocity and its position 
in space at any given time. But in the interaction of bodies of atomic or even smaller sizes, this is 
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not possible. He notes that in such cases it is "senseless to speak of the velocity at a certain 
place" Therefore it appears necessary to revise the old notions. 

For our purpose here, Heisenberg's key finding in this article is his new vision, as usually 
presented, that for a very small object the simultaneous determination of its position (x) and its 
momentum (p) is only possible within an uncertainty (D ) of each. Moreover, these two 
uncertainties have a specified relation to each other. As many readers may well remember, in 
algebraic terms one writes the respective uncertainties as xD and pD , and the product of the two 
as x pD ×D . But the great new message is that this product of the two uncertainties is always equal 
to or greater than a constant of nature – one that has a very small value ( 4h p ), but large enough 
for this principle to show up in determinations in the atomic and subatomic realms. 

But there are two consequences of all this from our perspective, each very significant. One, 
obviously, is that since the two uncertainties are multiplied, it follows that as one of them 
increases, the other correspondingly decreases, so as to keep their product constant. Thus, if 
either x or p were known with certainty (i.e. with zero uncertainty), the other's uncertainty would 
have to be correspondingly infinitely large. 

So unlike in ordinary life, at the submicroscopic level we cannot know the answer to a simple, 
fundamental question: What exactly is a certain object's velocity (or momentum) at a given 
point? There exists not just a veil of nature behind which phenomena may or may not exist. It is 
a non-visualizable, unimaginable region. Any question about it makes no sense, is simply 
forbidden.  

And this Uncertainty Principle is of also course contrary to the previous, triumphant search for 
every last detail of physical phenomena. As Heisenberg once put it in a letter to me, physical 
theory used to allow you to ascertain what can be known; however, his new theory showed what 
is not possible to know. So if you ask what the world is made of, I can reply: atoms and radiation 
and a whole zoo of elementary particles, and dark energy and dark matter—of whose we know 
only the names—but also of unresolvable ignorance. 

Moreover, the uncertainty relation is not limited only to the very small. It is useful in that region, 
and less and less so for larger objects. But it is a general law of nature; and so, in principle, it 
applies to you and me, too.  

We need not be alarmed by it. But the data of our motion or location are in principle always 
surrounded by a margin of invisibility, a ghostly cloak of darkness. So from now on, remember 
that you carry an aura of invisibilty that surrounded even God at the Beginning. 
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