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ABSTRACT
We discuss the signiÐcance of previously published OH Zeeman e†ect measurements of the magnetic
Ðeld in the o Oph cloud (L1688) and also a new OH Zeeman e†ect measurement for the dark cloud core
TMC-1C, the latter obtained with the Arecibo telescope. Results for both of these clouds, like previously
published OH Zeeman results for other dark clouds, show that the line-of-sight Ðeld strength o B o ¹ 10
A
kG. The o Oph cloud is signiÐcantly higher in column density than other clouds studied, and recent H I
Zeeman e†ect observations have revealed B B ]10 kG in the H I self-absorption region in front of the
A OH Zeeman e†ect may indicate that OH poorly samples
cloud. The low values of B derived from the
A
the dense gas in the o Oph cloud, or else that the cloud is in a state of supercritical collapse. The
TMC-1C cloud core may have formed via ambipolar di†usion in a manner similar to recent modeling of
dark cloud Barnard 1.
Subject headings : ISM : clouds È ISM : individual (rho Ophiuchi, Taurus) È ISM : magnetic Ðelds È
ISM : molecules È polarization È stars : formation
1.

INTRODUCTION

In this paper, we discuss two of these positions toward
the o Oph cloud (L1688), and we also present new OH
Zeeman e†ect data obtained with the Arecibo telescope for
the dark cloud core TMC-1C. The o Oph positions are of
special interest for several reasons. For one, the o Oph
cloud has much higher column and volume densities than
the other dark cloud positions reported in Paper I, hence it
might be expected to have stronger magnetic Ðelds as well.
Also, because of the higher densities involved, observations
of the o Oph cloud may bear upon the question of OH
abundance at higher densities and the role of OH Zeeman
observations in revealing Ðeld strengths in higher density
regions. Finally, H I Zeeman e†ect measurements have
recently been reported for the o Oph region by Goodman &
Heiles (1994), so a comparison of Ðeld strengths sampled by
OH and H I in the same cloud can now be made. Such
comparisons have also been possible for the molecular
cloud associated with S106 (Roberts, Crutcher, & Troland
1995). The TMC-1C result is of interest because it was
obtained at much higher spatial resolution (3@). Moreover,
preliminary evidence reported by Gusten & Fiebig (1990)
suggested a magnetic Ðeld of order 100 kG might exist in
this core.

It has long been realized that many aspects of selfgravitating molecular clouds are difficult to understand in
the absence of magnetic Ðelds. For example, it is not clear
how these clouds can be supported against gravity in the
absence of magnetic Ðelds nor how they can rid themselves
of angular momentum as they form new stars. Some of these
issues are outlined in reviews by Mouschovias (1987, 1991a,
1991b), Shu, Adams, & Lizano (1987), and McKee et al.
(1993).
With these considerations in mind, we have carried out
an extensive program of Zeeman e†ect observations in the
18 cm (1665 and 1667 MHz) OH emission lines from dark
clouds (Crutcher et al. 1993, hereafter Paper I). These
observations were obtained with the NRAO 43 m
telescope7 having a beam width of 18@, large enough to
encompass the cloud cores as well as their envelopes. The
Zeeman e†ect is only sensitive to B , the component of B
A
parallel to the line of sight. The measured
value of B at any
A
particular position is an average over the telescope beam,
so
reversals of Ðeld direction within the beam can lessen the
observed e†ect. Of 12 dark cloud positions reported upon in
Paper I, only one yielded an unambiguous detection. This
position was toward the dark cloud Barnard 1, for which we
measured B \ [19 ^ 4 kG. (Positive Ðelds are directed
A observer.) Taken as a whole, the results of
away from the
Paper I are consistent with an average total Ðeld strength of
o B o \ 16 kG in the regions sampled by these observations.

2.

OBSERVATIONS AND RESULTS

Observations of the 18 cm OH Zeeman e†ect toward the
o Oph cloud are reported in Paper I as positions o Oph
Nos. 1 and 2, and the observational techniques with the 43
m telescope are discussed in that paper along with possible
instrumental e†ects. Likewise, very similar observational
techniques employed with the Arecibo telescope are
described by Goodman et al. (1989). An essential di†erence
between Zeeman e†ect observations of the two clouds considered here is telescope beamwidth. Almost certainly, the
larger 43 m beam width (18@) samples primarily the envelope
regions of the clouds, while the smaller Arecibo beam width
(3@) samples to a greater extent the cloud cores.
Figure 1 shows the Stokes I and V spectra for the o Oph
cloud position 1 (a
16h24m16s, d
[ 24¡27@00A). This
1950 the densest part
1950of the ridge of C18O
position coincides with
emission in the map of Wilking & Lada (1983). From the
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FIG. 1.ÈStokes parameter I/2 \ (R ] L )/2 spectra for the 1667 MHz
(stronger line) and 1665 MHz lines of OH toward o Oph core position 1,
shown with baselines at zero, and the average Stokes parameter
V \ R [ L multiplied by 30 and plotted o†set from zero, all shown as
histograms. The average V spectrum is the average of V spectra for 1665
and 1667 MHz lines. The smooth curves superposed upon the V spectrum
is the derivative of the average I/2 spectra, scaled for B \ [9.5 kG, the
A
value determined by a least square Ðt to the spectra.

data of Figure 1, we derive B \ [9.5 ^ 3.0 kG8 using
A
standard analysis techniques described
in Paper I. For o
Oph position 2 (a
16h24m30s, d
[24¡10@38A),
1950
1950 of position 1
located about one beamwidth
to the northeast
and o† the C18O ridge, we Ðnd B \ ]1.3 ^ 4.3 kG, as
A
reported in Paper I.
In Figure 2 we present Stokes I and V spectra for
TMC-1C obtained at Arecibo (a
04h38m31s. 5, d
1950 B \ ]1.4 ^1950
[25¡55@00A). From these data, we derive
2.4
A
kG.
3.

THE o Oph CLOUD

3.1. T he Nature of the o Oph Cloud
Most of the dark cloud positions reported in Paper I
contain standard cold cloud cores (T B 10 K) that are the
centers of low-efficiency low-mass star formation. Averaged
over the 18@ beam of the 43 m telescope, these positions
typically have N B 4 ] 1014 cm~2 (Paper I, Table 2).
Therefore, if N OH
/A B 8 ] 1013 cm~2 mag~1 or N /
V
N B 4 ] 10~8 OH
for dark
clouds (Crutcher 1979 ; valid OH
for
p
0.4 \ A \ 7), then A B 5 mag, N B 1022 cm~2, and
p
n B fewV ] 103 cm~3. V
p The o Oph cloud is signiÐcantly di†erent from these more
standard dark clouds in a number of ways. At a distance of
125 ^ 25 pc (de Geus, Zeeuw, & Lub 1989), it is warmer (T
as high as 30 K ; Loren, Sandquist, & Wootten 1983 ;
Wilking & Lada 1983 ; Zeng, Batrla, & Wilson 1984 ; de
Geus & Burton 1991), the star formation efficiency is higher,
and at least a few B stars are forming along with lower mass
stars (Wilking & Lada 1983 ; Lada & Wilking 1984). Gas
column densities are also higher. Analysis of C18O emission
of the o Oph cloud with a 1@.1 beam led Wilking & Lada
(1983) to conclude that A reaches 100 mag at the cloud
V
center. In Figure 3 we reproduce
their map of A derived
from the C18O data assuming A /N(C18O) \ 3.6V] 10~15
V
8 The sign of this Ðeld was erroneously reported in Table 2 of Paper I as
positive. However, all other magnetic Ðeld signs in the table are correct as
veriÐed by contemporaneous observations of OH masers of known circular polarization.

303

FIG. 2.ÈA similar display of data as in Fig. 1, except for the dark cloud
core TMC-1C. The average of the 1667 and 1665 MHz Stokes V \ R [ L
spectra is multiplied by 20 relative to the Stokes I/2 spectra. The smooth
curve superposed upon the V spectrum is the derivative of the average I/2
spectra, scaled for B \ ]1.4 kG, the value determined by a least square
A
Ðt to the spectra.

mag cm2. We have added circles to the A map indicating
the 43 m telescope beam at o Oph positionsV1 and 2.
A visual inspection of Figure 3 indicates A B 50 mag
V
averaged over the 43 m telescope beam at position
1. If
N /A B 1.4 ] 1021 cm~2 mag~1 for the o Oph region
p V & Lada 1983), then N B 7 ] 1022 cm~2 over the
(Wilking
p
beam, nearly an order of magnitude
higher than for the
more standard dark cloud positions considered in Paper I.
The beam-averaged volume density in the molecular gas
toward position 1 is also likely to signiÐcantly higher. If the
gas at this position is distributed along a line of sight dimension comparable to its dimension on the plane of the sky

FIG. 3.ÈMap of A toward the o Oph core region taken from Wilking
v
& Lada (1983). This map
is based upon the C18O data of these authors.
The large circle near the center of the Ðgure represents the FWHM of the
NRAO 43 m telescope centered on o Oph position 1, the large circle at the
upper left is for o Oph position 2.
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(B20@ or 0.8 pc), then n B 3 ] 104 cm~3, again, about 10
p
times higher than for more standard dark clouds. Moreover, the o Oph cloud contains even higher density gas on
smaller scales. It is one of the few known regions where the
2 cm 2 È2 transition of H CO is observed in emission,
11 12
2
indicating densities of 106 cm~3 or more (Martin-Pintado
et al. 1983 ; Wadiak et al. 1985 ; Walmsley & Wilson 1985).
The H CO emission comes from the o Oph B region that is
2 in the beam area of our o Oph position 1.
included
In many ways, the o Oph cloud is intermediate in nature
between standard dark clouds that form low-mass stars and
high-mass Orion-like molecular clouds that form massive
stars and H II regions (Wootten 1991). Although OH emission line Zeeman observations of dark clouds usually yield
Ðeld strengths or limits of only o B o B 10 kG, OH absorpA
tion line Zeeman studies of high-mass clouds frequently
reveal Ðelds of o B o B 100 kG or more (see review by
A
Troland 1990).
One additional characteristic of the o Oph cloud is
inferred from a comparison of 12CO, 13CO, and C18O line
proÐles from this source (see Fig. 4). While the C18O line is
very nearly symmetric about a velocity of about 3.7 km s~1,
the 12CO and 13CO proÐles are decidedly asymmetric, an
asymmetry suggesting strong self absorption for velocities
in the range 4È5 km s~1. This characteristic is consistent
with an overall contraction of the o Oph cloud at 1È2 km
s~1 (Shu et al. 1987, and references therein).
3.2. T he Reduced Fractional Abundance of OH in the o Oph
Cloud
Despite the comparatively high N for the o Oph cloud,
p

FIG. 4.ÈCO and OH proÐles toward the o Oph core. The 12CO and
13CO proÐles come from Wilking & Lada (1983). They were obtained on
the NRAO 11 m telescope with beam FWHM of 1@.1, pointed at the position show on the Ðgure of a
16h23m46s. 0, d
[ 24¡25@44A. The C18O
1950
proÐle was obtained recently
in collaboration1950
with D. A. Roberts on the
NRAO 12 m telescope. This proÐle is the average of proÐles obtained over
a 14@ ] 14@ Ðeld centered on o Ophiuchi position 1. The OH proÐle is the
1667 MHz proÐle of Fig. 1.
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the observed OH antenna temperatures and linewidths
toward this source (hence, the estimated N ) are comparaOH
ble to or even smaller than those for the other (lower N )
p
clouds listed in Table 2 of Paper I. This di†erence is almost
certainly not a result of high OH optical depths in the
o Oph cloud. The OH antenna temperature ratio
T
/T
B 0.6, implying q
B 0.4 if the two lines have
1665 1667
1667
the same T . Crutcher (1979) has shown that T for the OH
ex
ex
main lines in dark clouds may not be equal. However, if
q
[ 0.4, then T \ 8 K in order to reproduce the
1667
observed
1667 MHz exline parameters. In view of the elevated
temperatures in the o Oph region, this possibility seems
quite remote. Finally, the OH lines (Fig. 1) are exceptionally
symmetric, and they display not the slightest trace of Ñattening at the top that might result from line saturation.
A much more likely possibility for the comparatively
weak OH lines toward o Oph is a decline in X , the fracOH
tional abundance of OH inside the cloud. For the o Oph
cloud, A averaged over the 18@ telescope beam toward
position V1 is about 50 mag (° 3.1). Also, N B 6.4 ] 1014
OHTherefore, the
cm~2 toward this position (Paper I, Table 2).
ratio N /A B 1.3 ] 1013 cm~2 mag~1, or only 16% of
V
the ratioOHreported
by Crutcher (1979) for 0.4 \ A \ 7.
V is consisSuch a decline in X in highly obscured clouds
OH
tent with theoretical expectations as reviewed by Heiles et
al. (1993). OH formation is thought to occur as a result of
ion-molecule reactions, a process that is limited by the ionization rate. For low A , starlight dominates the ionization
V
processes, hence the formation
(and destruction) of OH.
Under these conditions X is expected to remain nearly
OH For higher A , ionization
independent of gas density.
V reactions
results from cosmic rays, and destruction, from
with neutral atoms. In this case, theoretical studies predict a
declining X with increasing gas density. The study by
OH & Huebner (1984) suggests X P n~0.8,
Leung, Herbst,
OH steady
while Langer & Gradel (1989) Ðnd X P n~0.7 after
OH
state is reached, with little dependence upon temperature.
That is, n is predicted to be nearly independent of total
OHat high A . Since much of the mass of the o Oph
gas density
V the current OH line data provide
cloud has A ? 5 mag,
V
observational support for the expected decline in X in
OH
highly obscured regions.
3.3. Densities Sampled by OH in the o Oph Cloud Position 1
A possible location for much of the OH in the o Oph
cloud is in low-density envelope gas external to the dense
ridge deÐned by C18O emission (Fig. 3). Recall that in this
ridge n B 3 ] 104 cm~3 at position 1 averaged over the 18@
beam ofp the telescope (° 3.1). While this possibility cannot be
completely excluded, it seems quite unlikely for two
reasons. First, the higher spatial resolution (8@ beam width)
OH map of Myers et al. (1978) suggests a ridgelike morphology, much like the distribution of C18O emission and
unlike that of 12CO or 13CO (see the maps of Loren &
Wootten 1986). Second, the OH line shape and center velocity for position 1 match extremely well those of the C18O
line for a similar region of sky. This correspondence is
shown in Figure 4 where the C18O proÐle is an average of
proÐles obtained by the NRAO 12 m telescope over a
14@ ] 14@ Ðeld centered on position 1. Furthermore, the OH
line center velocity and width are very similar to those of
other high density tracers like the J \ 3È2 CS lines toward
o Oph cores B1 and B2 (both within the OH beam at position 1), the J \ 6 È5 lines of SO toward B1 and B2, and
K
5 4
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the DCO` line toward B2 (see proÐles in Loren & Wootten
1986). However, the 13CO and especially the 12CO lines
toward the dense ridge of gas deÐned by C18O emission are
signiÐcantly wider than the OH lines (Fig. 4). The most
straightforward interpretation of all these data is that the
OH line Ñux arises principally within the volume of space
occupied by the ridge of high density gas. However, this
interpretation does not necessarily mean that the OH emission samples the dense gas. Another possibility is that the
ridge is highly clumped, with OH emission arising mostly in
a lower density interclump medium.
3.4. T he Magnetic Field in H I Gas Near the o Oph Cloud
Goodman & Heiles (1994) have recently reported magnetic Ðeld measurements at a number of positions in the o
Oph region based upon the H I Zeeman e†ect. Their position 15 corresponds to our OH Zeeman position 1,
although the beam of the Hat Creek 85@ telescope used for
the H I observations is about two times larger in diameter.
Goodman & Heiles performed a Gaussian analysis of the
H I emission line proÐle at this and other positions, identifying a component in self-absorption. At position 15 they
report a Zeeman e†ect in this component equivalent to
B \ ]13 ^ 1.7 kG, a Ðgure of comparable absolute value
A
but opposite sign to that derived from our OH data for
position 1. At seven other positions within about a degree of
position 1, Goodman & Heiles report detections of the Ðeld
in H I self-absorption in the range ]5 \ B \ ]12 kG,
A in this area
while at about the same number of positions
they either Ðnd no detectable Ðeld in H I self-absorption or
no self-absorption component at all. From an analysis of
the H I Zeeman data together with optical linear polarization data, they estimate that the uniform Ðeld component in
the H I self-absorbing region toward the o Oph cloud is
about ]10 kG with an inclination to the line of sight of
about 30¡.
It is quite probable that these H I measurements refer to
inerstellar gas closely associated with the molecular gas
toward the o Oph cloud. Although the spatial distribution
of H I self-absorption does not match that of the molecular
gas as traced out by any CO isotopic species (see, for
example, maps in Loren & Wootten 1986) or by OH (Myers
et al. 1978), the line widths and center velocities appear to
match rather well. For example, at Goodman & Heiles
position 15, the H I self absorption component they identify
has a center velocity and velocity width of 4.9 and 1.5 km
s~1, respectively. This width matches very well those of the
OH lines (1.4 km s~1), while the H I center velocity is about
1 km s~1 more positive. The amount and sign of this di†erence in center velocities is consistent with the location of the
cold H I directly in front of the molecular cloud, adjacent to
the 12CO and 13CO self absorption region (° 3.1 and Fig. 4).
At the H I center velocity of 4.9 km s~1, the OH line temperature is very low (Figs. 1 or 4). Most probably, the H I
Ðeld of order 10 kG measured by Goodman & Heiles characterizes an envelope region just in front of the denser
molecular gas sampled by the OH Zeeman e†ect. However,
it should be noted that there are signiÐcant uncertainties in
the derived parameters for H I self absorption toward o
Oph. For example, MinnÏs (1981) study with the MaxPlanck 100 m telescope yields an H I self absorption center
velocity at OH Zeeman position 1 of 3.5 to 4 km s~1 (his
Fig. 4), while a similar study by Myers et al. (1978) with the
43 m telescope yields an H I center velocity and velocity
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width of 3.5 km s~1 and 2.8 km s~1, respectively, for the
same position (their Fig. 8). These di†erences may reÑect
di†erences in the Ðtting processes used by various authors
or else di†erences in telescope beamwidth.
3.5. T he Magnetic Field in OH Gas in the o Oph Cloud
It is notable that o B o from the OH Zeeman data is comA
parable to (possibly even less than) that from the H I
Zeeman data even though H I surely samples a much lower
density region. Goodman & Heiles estimate a proton
density n B 40 cm~3 in the H I self absorbing gas, while on
p
the average n B 3 ] 104 cm~3 in the molecular gas encomp
passed by the 18@ telescope beam toward position 1 (° 3.1).
One might well expect a measurable contrast in Ðeld
strength given such a density contrast of order 103.
Higher OH Ðeld strengths are expected in the o Oph
cloud on two other grounds. For one, if magnetic and gravitational energies are equal in the cloud, then o B o \
oBo
B 2.4 ] 10~21 k N kG. (See Paper I and references
virial In this relation, k B
p 2 for clouds that have evolved
therein.)
from initial states of uniform density and magnetic Ðeld,
and k is close to unity for any realistic cases. Therefore, the
beam averaged N cited above implies o B o B 300 kG
p
toward position 1. This
is the mean Ðeld strength required
to support the cloud against gravitation in the absence of
other sources of support. Alternatively, if the kinetic energy
density in the cloud associated with nonthermal broadening
*v of the OH line (or of various millimeter wavelength
NT equals the magnetic energy density, then o B o \
lines)
o B o B 0.4 *v n1@2 B 100 kG.9 This assumption amounts
A
to having
*v NTBp v , the Alfven velocity in the cloud ; that
A nonthermal component of the line
is, assuming NT
that the
width is a result of Alfven waves. Observations also suggest
that this criterion is at least approximately met in most
molecular clouds (Myers & Goodman 1988 ; Paper I). Note
that the estimates here for o B o
and o B o are higher than
virial we have
A chosen higher
those in Paper I, Table 2 because
values of N and n derived from C18O rather than OH
p
p
lines. These higher
values
reÑect the actual (beam-averaged)
conditions in o Oph position 1, not the conditions inferred
from the emission of underabundant OH.
The weakness of B implied by the OH Zeeman observations can be viewedAin terms of two limiting cases. In one
case o B o is assumed to be quite high in the sampled regions
of the cloud (º100 kG), comparable to Ðeld strengths estimated above from virial and also from line width considerations. In this ““ high Ðeld ÏÏ case, the low measured B must
A
result from very signiÐcant geometric e†ects. For example,
a
relatively unifom B with o B o º 100 kG might permeate the
cloud but be oriented nearly in the plane of the sky.
However, to achieve B ¹ 0.1 o B o we require a rather
unlikely Ðeld alignment Ato within about 5¡ of the plane of
the sky, an alignment that presumably does not apply to the
Ðeld in the adjacent H I gas. Alternately, signiÐcant
reversals of the Ðeld might exist within the beam. The possibility of such reversals is strongly suggested by the disorder
in optical (Vrba, Strom, & Strom 1976) and near-IR (Sato et
al. 1988) linear polarization vectors toward the o Oph
cloud. Field reversals are also suggested by the di†erence in
sign of B as measured in OH and H I regions.
In the Aother limiting case o B o is assumed to be quite low
9 This equation is equivalent to equation (6) of Myers & Goodman
(1988) with a correction factor included for the mass contribution of He,
and it is the equation used in Paper I to compute o B o .
A
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in the sampled regions of the cloud (>100 kG), wherever
those sampled regions may be. In this ““ low Ðeld ÏÏ case,
signiÐcant geometric e†ects are not needed to explain the
small measured value of B . However, if such low Ðeld
A
strengths characterize much of the gas of the C18O ridge,
then the Ðeld there is incapable of supporting the ridge
against self-gravitation. In this situation, the ridge is likely
to be in a state of magnetically supercritical collapse,
perhaps at a speed of 1È2 km s~1 as suggested by Shu et al.
(1987) on the basis of the self-absorption in 12CO and 13CO
lines. (Such a collapse would likely cause signiÐcant Ðeld
tangling, hence disorder in optical and near-IR linear polarization vectors, as observed.) So low a Ðeld in so dense a
region would also imply that the motions responsible for
the nonthermal contribution to the line widths are superAlfvenic. Since super-Alfvenic motions in a cloud are
expected to be highly dissipative, their presence in the o
Oph ridge might reÑect active sources of mechanical energy.
Alternately, the motions responsible for the observed line
widths may reÑect the collapse motions themselves.
The other obvious possibility in the low Ðeld case is that
the OH lines sample densities in the C18O ridge much lower
than the average value of about 3 ] 104 cm~3 (° 3.2). If the
OH line Ñux comes mostly from lower density gas in the
ridge (density comparable to that sampled in the standard
dark clouds of Paper I), then the measured value of B
A
might well be comparable to those of the other clouds. Even
so, the density contrast between gas sampled by OH and
H I toward o Oph is almost certainly at least 2 orders of
magnitude.
A large density contrast need not necessarily be accompanied by a signiÐcant contrast in Ðeld strength if some
recent theoretical formulations are correct. If the o Oph
cloud formed by ambipolar di†usion within a magnetically
supported envelope, as modeled for the dark cloud Barnard
1 by Crutcher et al. (1994), then the Ðeld strength throughout much of the o Oph ridge should not have increased
appreciably in the process. In the Barnard 1 evolutionary
model of Crutcher et al., the envelope Ðeld strength
increases by less than a factor of 2 over the assumed background value while the envelope density becomes 2 orders
of magnitude greater than its background value. Note,
however, that if OH Ðeld strengths in the o Oph ridge are
small because the lines originate principally in lower density
gas, then the Ðeld must still be hundreds of microGauss in
the undersampled high density gas if the Ðeld is to provide
appreciable support to the ridge against self-gravitation.
4.

THE TMC-1C CLOUD CORE

4.1. T he Nature of the T MC-1C Core
The TMC-1C core is one of numerous dense cores in the
Taurus complex that have been studied in CO by Myers,
Linke, & Benson (1983) and in NH by Myers & Benson
3 by Goodman et al.
(1983), Benson & Myers (1989), and
(1993). These cores are at a distance of about 140 pc (Elias
1978). The TMC-1C NH core is elongated, with dimen3 at a distance of 140 pc), and it
sions 6@ ] 2@ (0.25 ] 0.09 pc
has a small velocity gradient along its long dimension of
0.30 ^ 0.07 km s~1 pc~1 (Goodman et al. 1993). The NH
data of Myers & Benson (1983) suggest n B 2 ] 104 cm~3,3
p (1983) yield an
while C18O observations of Myers & Benson
estimate N B 2 ] 1022 cm~2. Thus, A B 10 through this
V
core, very pcomparable to that of Barnard
1 (Bachiller &
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Cernicharo 1984) and other cloud positions reported upon
in Paper I except for the o Oph cloud. With its 3@ beam, the
Arecibo telescope is well matched to the dimensions of the
dense core, unlike the case of the 18@ beam of the 43 m
telescope. Moreover, the close proximity of the Taurus
complex (B140 pc) means that the linear scale sampled by
the Arecibo beam is only about 0.1 pc, the smallest linear
scale studied so far in single dish Zeeman e†ect studies of
dark clouds.
4.2. OH in the T MC-1C Core
The OH lines from the TMC-1C core are very narrow
(*v B 0.44 km s~1), narrower than any of the OH lines cited
in Paper I. This width is also less than the 1.2 km s~1
TMC-1C 13CO line width reported by Myers et al. (1983)
with a 1@.9 beam, but is virtually identical to the C18O line
width (0.47 km s~1) given by these same authors. (TMC-1C
shares this similarity between OH and C18O line widths
with o Oph position 1.) The NH line from TMC-1C is
3
narrower yet, *v B 0.24 km s~1 observed
with a 1@.4 beam
(Benson & Myers 1989).
If N is estimated in the manner of Paper I, and T \ 10
OH & Myers 1989), then q
K (Benson
\ 0.45 and Nex B 5
1667
OH N
] 1014 cm~2. With A B 10 mag (° 4.1), this value of
V
OH
implies N /A \ 5 ] 1013 cm~2 mag~1, about 60% of the
OH
v
ratio reported by Crutcher (1979). Evidently, OH is not
signiÐcantly depleted in TMC-1C as it appears to be in o
Oph position 1. This conclusion is consistent with the signiÐcantly lower A toward TMC-1C and with the theoretiv of lower A upon the ionization rate,
cally expected e†ect
v (° 3.2). Since OH is not
hence upon the OH abundance
signiÐcantly depleted in TMC-1C, and since the Arecibo
beam is comparable in dimension to the TMC-1C core, it is
likely that a signiÐcant fraction of the OH line emission
originates in the relatively high density (n B 104 cm~3)
p
core.
4.3. T he Magnetic Field in T MC-1C
Gusten & Fiebig (1990) originally reported the detection
of the Zeeman e†ect in the 11.12 GHz CCS (1 È0 ) ground
state transition from TMC-1C. They derived0 B 1B [100
A the OH
kG, and this result was the principal motivation for
Zeeman observation reported here. Subsequently, instrumental e†ects were identiÐed as the source of the apparent
Zeeman e†ect (Gusten 1990, private communication).
However, a Ðeld strength of this magnitude is not unexpected in the TMC-1C core. Given the column density estimated for this region, o B o
B 100 kG (see ° 3.5). This
value is more than 10 timesvirial
larger than the 3 p upper limit
on B of 8.4 kG implied by the OH Zeeman observations
(° 2). A
As in the case of the o Oph cloud, we can imagine two
extremes for the magnetic Ðeld in the TMC-1C core. In the
low Ðeld case, o B o ¹ 10 kG > o B o
. If so, the core is magvirialsupported by the magnetically supercritical. It cannot be
netic Ðeld, and it could conceivably be in a state of
supercritical collapse. However, the narrow OH and especially NH line widths limit the speed of such a collapse if it
3 occurring, and there is no other evidence for
is presently
collapse as there is for the o Oph cloud. For these reasons,
this possibility seems quite unlikely.
In the high Ðeld case, o B o \ o B o
B 100 kG, and the
measured B > o B o either becausevirial
of geometrical factors
A reversal or else because of high OH optical
including Ðeld
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depths that result in poor sampling of the dense core gas.
Moreover, o B o ? o B o B 25 kG, given the OH line width
and given the density Aestimated from NH data (° 4.1). That
3
is, the line widths are signiÐcantly less than the Alfven
speed, or equivalently, the energy density associated with
the non-thermal line widths is much less than that of the
magnetic Ðeld. Such a cloud is magnetically supported more
by static Ðeld pressure than by motions associated with
Alfven waves. Since static magnetic support occurs only
perpendicular to the Ðeld direction, a cloud so supported
should be Ñattened into a disk perpendicular to the Ðeld. In
fact, the TMC-1C NH core is elongated, its 3 : 1 aspect
3
ratio is one of the highest observed by Benson & Myers
(1989) in a study of over 40 cores. Yet this elongation is not
likely to result from rotation alone, since Goodman et al.
(1993) found the core to have one of the smallest velocity
gradients detected in many of the same cores considered by
Benson & Myers. If the elongation of the TMC-1C core is
the result of Ñattening along magnetic Ðeld lines, then the
relatively high aspect ratio implies that the symmetry axis of
the cloud (hence the magnetic Ðeld) lies at a rather large
angle to the line of sight, hence B > o B o .
A
5.

CONCLUSIONS

The dark cloud positions discussed here provide additional insights into magnetic Ðelds, especially those in
molecular gas sampled by the OH Zeeman e†ect. The
results for the o Oph cloud and for the dark cloud core
TMC-1C underscore how OH Zeeman observations of
dark clouds reveal relatively weak magnetic Ðelds (of order
10 kG or less, Paper I). These Ðelds are weak in the sense
that they are comparable to Ðeld strengths in much lower
density regions revealed by the H I Zeeman e†ect. Such
weak Ðelds apparently exist even for the o Oph cloud position 1 with its high column and volume densities and even
for the TMC-1C core for which we resolve small spatial
scales (0.1 pc). Moreover, with the possible exception of the
o Oph cloud, weak Ðelds derived from OH Zeeman observations are unlikely to reÑect poor sampling of the dark
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cloud mass by the OH lines owing either to declining fractional OH abundance or to OH optical depth e†ects.
Despite the weakness of Ðelds derived from the OH
Zeeman e†ect, the results are still consistent in most cases
with the idea that dark clouds are in approximate equilibrium between magnetic and gravitational energies (Paper
I). One context in which this equilibrium can be understood
involves static magnetic support of dark cloud envelopes
and the formation of dark cloud cores via ambipolar di†usion, as modeled for Barnard 1 by Crutcher et al. (1994). A
similar evolutionary process may have characterized dark
cloud core TMC-1C. In both cases, the mean magnetic Ðeld
may lie at a large angle to the line of sight, hence B > o B o .
A
But such unfortunate geometry cannot characterize all dark
cloud cores. The Barnard 1 model calls for an easily detectable 85 kG Ðeld in the core. If Barnard 1 is typical and the
model is correct, then future OH Zeeman observations of
dark cloud cores with an Arecibo-sized beam should yield a
number of detections.
The o Oph cloud may well fall into a separate category. If
Ðeld strengths in this cloud are truly comparable to B
A
derived from the OH Zeeman e†ect, then the region may be
magnetically supercritical, and it may at present be undergoing supercritical collapse, an apparently unusual and
highly interesting state. Alternately, much of the gas in the o
Oph cloud may exist in a high density regime for which the
fractional abundance of OH is greatly reduced. In this case,
most of the OH line Ñux originates in a lower density
envelope region, and the measured value of B applies to
A implied
this region alone. If so, the similarity in Ðeld values
by OH and H I Zeeman e†ect observations may reÑect the
very weak connection between Ðeld strength and gas
density expected in magnetically supported envelopes of
self-gravitating clouds as outlined in the model for Barnard
1 of Crutcher et al. (1994).
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