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ABSTRACT

A molecular and optical study of an isolated, low-mass (~10 M) Bok globule is presented.
Analysis of the cloud’s surface brightness reveals the object to be centrally condensed. Molecular
emission lines are unusually narrow, implying that any turbulent motions within the cloud are
subsonic. Consequently, thermal pressure dominates dynamical support by a wide margin within
the globule. A stability assessment based upon the cloud properties obtained from the observations
suggests that the cloud is close to a state of hydrostatic equilibrium. Owing to the relatively
insignificant role played by turbulent pressure in supporting the globule, stable cloud configurations
can be modeled with some confidence. A pressure-bounded, centrally condensed model with
kinetic temperature increasing outward yields good agreement with the observed cloud radius
and central visual extinction, as well as with the mass inferred from the observations. Neither the
requirement of equilibrium nor the slight ellipticity of the cloud appears to demand ad hoc
postulation of a significant internal magnetic field. The hydrostatic models are also used to construct
microturbulent CO line formation models of the globule; these agree well with the observations.

Subject headings: interstellar: molecules — nebulae: general

I. INTRODUCTION

Bok globules are the simplest unit structures in the
dense interstellar medium. Their high degree of
geometrical regularity and lack of strong internal energy
sources make them ideal subjects for a comparison of
observation and theory. Radio and optical data for a
particular cloud can, in principle, provide a sufficiently
complete portrait of its mass distribution, temperature,
size, and dynamical state, so that theoretical ideas
regarding the behavior of a reasonably spherical
system under the action of self-gravitation can be
explored and refined.

In practice, this is difficult to do. While observations
of trace molecules such as CO have unequivocally
established the presence of large-amplitude and usually
supersonic bulk motions within globules, the character
of these flows is not easily extracted from the data. If
predominantly ordered, their presence implies large-scale
expansion or contraction. If, instead, the flow possesses
a significant turbulent component, the associated
dynamical stress allows for a great variety of possible
kinematic states, dramatically altering the picture one has
of the cloud.

Without observational tests to discriminate between
these two scenarios, detailed comparison between
observation and theory are difficult. In effect, the
dynamical state of the cloud, which should follow from
observation, is generally a precondition for the construc-
tion of a detailed model. A very wide range of dynamical
states must then be considered in order to establish a
reasonably conclusive correspondence between observa-
tions and a particular model. Further, if as is usually
the case, observations suggest that turbulence in a given
cloud may be supersonic, hydrodynamic model states
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become exceedingly difficult to specify with any precision.
At best one is faced with a formidable, if not hopeless,
task.

This paper reports results of a comprehensive radio
and optical study of a Bok globule for which these
difficulties are largely absent. This simplification is
possible because the molecular lines emitted by the
globule are extremely narrow. If one chooses to interpret
the observed line widths in terms of turbulent internal
motions, one finds the entire cloud to be subsonic. This
implies that thermal pressure within the globule
dominates dynamical support by at least a factor of 10,
so that equilibrium configurations are easily modeled.
When compared with collapse or expansion models, the
equilibrium case fares so well that it is difficult to avoid
the conclusion that the system is stable. Ramifications
of this are discussed both as they apply to the formation
and evolution of this cloud, as well as for the more
general population of dark globules.

II. RADIO OBSERVATIONS AND PHOTOMETRIC DATA

The observational data for this study consist of
spectral-line data at both 3 and 1 mm wavelengths, in
addition to densitometric measurements of the cloud’s
surface brightness from the Palomar Observatory Sky
Survey (POSS) prints. Details of the data acquisition
are provided below.

a) 3 mm Spectral-Line Data
Observations of the J=1-0 lines of '2C!%0,
13C160, and '2C'%0 (hereafter denoted CO, '*CO,
C!80) were made during winter 1980-1981 using the
14 m antenna of the Five College Radio Astronomy
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Observatory (FCRAO).! At 2.6 mm the 14 m antenna
had a measured half-power beamwidth (HPBW) of 47"
and a main beam efficiency of about 409, including
radome loss. The cooled 80-120 GHz Schottky receiver
had a single-sideband noise temperature of 450-500 K
measured at the input of the quasi-optical single-
sideband filter. Antenna pointing—a critical factor given
the small size of the cloud—was repeatedly verified
to be good to better than 7", rms. Data were
calibrated by means of an ambient-temperature chopper
wheel (Penzias and Burrus 1973), using a scheme which
accounts for the effects of the antenna radome. Baseline
stability was achieved by frequency-switching the local
oscillator at 5 Hz over a separation chosen to place the
CO lines symmetrically within the bandpass of the 256
channel autocorrelator back end. A total correlator
bandwidth of 10 MHz was usually employed, providing
a channel separation of 0.10 km s~ ! at the CO line
frequency; a correlator bandwidth of 5 MHz was used
to observe the extremely narrow C!80 lines. All
frequency-switched spectra were subsequently folded to
enhance their signal-to-noise ratio.

b) 1 mm Spectral-Line Data

CO and !3CO spectra of the J =2 —1 lines were
also obtained toward the center of the globule in the
spring of 1981, using an FCRAO cooled Schottky
receiver (Erickson 1981) installed on the 4.9 m antenna
of the Millimeter Wave Observatory (MWO).> At 1.3 mm
the antenna has a HPBW of 13 and a main beam
efficiency of about 509;. The receiver had a single-
sideband noise temperature of about 900 K ; although no
image sideband rejection filter was employed, laboratory
tests demonstrated that the receiver gains in both side-
bands were essentially identical (Erickson, private
communication). Antenna pointing was found to be
reproducible to about 20”. Spectral-line calibration was
achieved with a chopper vane. While 1*CO data were
obtained by frequency-switching at 5 Hz, at the time of
the observations the telluric CO line lay too close in
frequency to the globule emission to allow the use of
frequency-switching; consequently, data for this species
were obtained by position-switching the antenna. All
MWO data were obtained with a 128 x 62.5 KHz
filter bank, which afforded a channel resolution of
0.08 km s~ ! at 230 GHz.

c) Densitometry

In order to analyze the density structure of the cloud,
surface brightness profiles of the globule were obtained
in blue and red colors. Photographic negatives of both
the O and E POSS prints of the globule region were

! The Five College Radio Astronomy Observatory is operated with
support from the National Science Foundation under grant AST
81-21481 and with permission of the Metropolitan District Commision,
Commonwealth of Massachusetts.

2 The Millimeter Wave Observatory is operated by the Electrical
Engineering Research Laboratory of the University of Texas at Austin
with support from the National Science Foundation and McDonald
Observatory.

Vol. 271

made at an enlarged scale of 2175 mm™!. Major and
minor axis tracings of emulsion density versus position
were then obtained with a microdensitometer using
slit dimensions 0.02 x 0.06 mm, with the smaller value
corresponding to the trace direction. Interpretation of the
photometric data is discussed in § ITIb(ii).

II. OBSERVATIONAL RESULTS
a) Basic Data

The globule lies in Cassiopeia, its geometrical center
being located at (1950)=0"36™1790, §(1950)=
52°34'37";in galactic coordinates = 121.04,b = —9°95.
The cloud is extremely well isolated from other dark
material in this region, which is very sparse. The nearest
dark cloud is the Lynds 1295-1296 complex, which is
located about 1° SE of the globule and which differs
in CO radial velocity by less than 0.5 km s™! from
its neighbor. A distance of 600 pc has been assigned
to the globule as discussed in Appendix A.

Figure 1 (Plate 5) is an enlargement of the
Palomar Sky Survey (POSS) blue image of the globule.
The cloud is distinctly elliptical and consists of an
opaque dark core encircled by a bright rim. The rim
is produced by anisotropic dust grain scattering of
starlight and the diffuse galactic light (DGL, § IIIb][ii]).
The size of the opaque core is approximately 12 x 117,
corresponding to a mean core radius of 0.12 pc at the
adopted distance of 600 pc. Although the extent of the
diffuse bright rim is more difficult to establish, the surface
brightness photometry suggests half-power outer
dimensions of approximately 4’ x 3’, with a mean half-
power rim thickness of ~1".

b) Optical

i) Core Extinction

The region of the globule interior to the bright rim
(cf. Fig. 1) appears totally opaque on the POSS
blue print. However, three stellar images, just at the
emulsion limit, are discernible within the core on the
red print. The mean visual extinction of the core, {(4,),
can then be inferred by standard star count methods
(Dickman 1978a), which lead to

(A, = 1852433 mag , (1)

where the formal error has been assigned on the basis
of a N¥/2 uncertainty in the counts for the core.

ii) Surface Brightness

Quantitative analysis of the globule’s bright rim
(Fig. 1) is useful in at least two respects. First, it
provides a cross-check on the core extinction deduced
via star counts. Second, assuming dust and gas in the
cloud to be well mixed, it provides a valuable guide
to the extent and nature of density variations with
position; while an analysis of extinction variations across
the cloud can in principle also provide this information
(Bok 1956; Schmidt 1975), the globule is far too small
and star count uncertainties too large to make the
method practical.
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Monte Carlo simulations of the radiation scattering
problem in dust clouds have been considered, for
example, by Matilla (1970qa, b) and Witt and Stephens
(1974, hereafter WS). The latter study is particularly
significant since it demonstrates that the presence of a
strong density gradient in a cloud is unambiguously
recapitulated in the behavior of its rim brightness.
This work was subsequently extended and applied by
FitzGerald, Stephens, and Witt (1976, FSW) to the
Thumbprint Nebula, a bright-rimmed globule morpho-
logically similar to the present cloud.

The results given by WS and FSW can be summarized
as follows. For uniform, isotropic illumination—a
reasonable assumption for clouds within 150 pc of the
galactic plane, since both the stellar and dust grain
density responsible for the DGL have scale heights near
this value (Witt 1968)—WS determine surface brightness
distributions for clouds having a wide range of albedo,
scattering asymmetry, and optical depth. Clouds of both
uniform and r~? density are considered. The uniform
density models appropriate to small globules (having
total core optical depths of 2-8) exhibit wide, uniformly
dark cores and thin bright rims, the relative rim thickness
to cloud radius typically being W/R ~ 0.1. By contrast,
centrally condensed models in this optical depth range
characteristically have W/R ~ 0.5 (because optical depth
rises more slowly with decreasing impact parameter)
and possess narrow, very dark cores. Surface brightness
increases in a nearly linear fashion from core to rim
in this class of model, and the ratio of rim to core
brightness is shown to be a useful probe of the maximum
cloud opacity.

Red- and blue-light surface brightness measurements
made along the major and minor axes of the globule
and smoothed to a scale of 21" are shown in Figure 2.
These results demonstrate that the cloud is centrally
condensed. The ratio of rim width to cloud radius,
averaged with respect to axis and color, is {(W/R) = 0.6
if half-power dimensions are used; if one instead defines

Nebular/Sky Brightness (0.l mag)

Position Offset (arcmin)

FIG. 2.—Surface brightness of the globule vs. position along the
major and minor axes (I and II on Fig. 1), in both red (R) and
blue (B) colors. The tracings were made from enlargements of the
POSS O and E prints of the globule region using a microdensitometer
and have been smoothed to 21” resolution.
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the outer cloud radius as that point at which the surface
brightness reaches that of the adjacent sky, a value
{W/R)» = 0.45 is obtained. Both values are much closer
to that characterizing the r~? model of WS than they
are to the uniform-density case. Indeed, the excellent
agreement in shape between the curves of Figure 2 and
those presented by WS suggests that the actual density
distribution in the globule may not be too different
from r~2 (see § IVe).

The rim-to-core brightness ratios measured from
Figure 2 also allow one to roughly ascertain the
maximum visual extinction through the globule center.
(A more exact treatment is possible if photometrically
calibrated plates are available, as discussed by FSW.)
Assuming a grain albedo of 0.5 and scattering phase
function asymmetry parameter g = 0.7 (FSW), the rim-
core brightness ratio leads to the estimate 4,(max) =
3-5 mag, after correcting the brightness ratio for the
contribution of the DGL using the values of FSW or
Roach (1967).

¢) Radio

Radio observations are summarized in Table 1. Listed
for each map position are molecular species and
transition, peak line radiation temperatures, Tg, (cf.
Kutner and Ulich 1981) determined as described below,
line velocity centroid with respect to the local standard
of rest, and line full width at half-intensity, Av. Because
data taken with the autocorrelation spectrometer are
Hamming filtered prior to taking the Fourier transform,
the J=1-0 spectra are instrumentally broadened.
This effect is most pronounced for narrow lines and, for
our C'80 spectra, typically amounts to a 10% width
enhancement. All J = 1 — 0 line widths reported in the
table have been corrected for this instrumental
broadening, assuming intrinsically Gaussian line shapes.

Line radiation temperatures were obtained from the
chopper-wheel-calibrated antenna temperatures by
calculating the forward coupling efficiency of the
FCRAO and MWO antennas for a uniform disk 3’ in
diameter. To do so, measured antenna response patterns
at the appropriate frequencies were utilized. The coupling
efficiencies obtained for the FCRAO data were found to
be close to the main beam efficiencies so that results
are relatively insensitive to the assumed source size.
Calibration of the J =2 — 1 data is somewhat more
uncertain because the globule was not mapped at 1 mm
and because the MWO antenna pattern contains three
fairly high level sidelobes, displaces some 2'-3' from
the main beam axis. We estimate the final radiation
temperature calibrations to be accurate to about
159% and 209 for the J=1—-0 and J=2—1 data,
respectively.

A panel of representative spectra toward the center
of the globule is shown in Figure 3. If, as is usual, the
CO J =1-0 line is assumed to be thermalized and
optically thick, the peak observed radiation temperature
implies a characteristic excitation temperature T, ~ 14 K
for the region in which the line is formed. As a first
approximation this may be adopted as the kinetic
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TABLE 1A
J =1-0 CO AND '3CO MAPPING RESULTS

OFFSET 12co 13Co
Ao, Ad
(arcmin) T* (AT Av® % T (AT) Av® O
3 DURURUURRURON 21 (07) . .
22 39 (07) 050 —1123 ... i
F3S DUURURR 43 (11) 051 —-1128 25  (04) <053 —1122
20, 20 (13) ¢ .
17,0 oo, 37 (04) 055  —11.30
L3, 40  (06) 032 —1119 ..
L2 49 (1.1) 0.45 —-11.34 21 0.4) 032 —-11.23
78 ERTTRTOR 81  (06) 058 —1135 44  (0.5) 036 —11.29
LO.ooooo 7.4 0.9) 0.42 —1133 1.8 0.3) 0.35 —11.29
L, -1 .. 3.1 0.5) 0.55 —11.3
0,34 oo 25 (07) 026 —1126 ... n
0,3 oo 08  (06) ‘ ‘ 03 (04) ¢ ‘
0,2 i 75 (12) 058 —1135 36  (0.4) 034 —1129
01T e, 91  (06) 029 —1130 ...
O 1o 107 (10) 053 —1133 59  (04) 038  —11.30
0,0 o 104 (03) 047 —1132 46  (02) 035 —11.28
0, 1 oo, 51 (L1) 042 —1136 L1  (04) ¢ ‘
0, =17 v 38 (04) 052  —1133 ... N
L2 e, 23 (10) ¢ . 06  (0.6) . .
e T 9.2 (0.9) 045 —11.30 2.4 0.3) 043 —-11.23
L0 e, 104 (10) 044 —1132 30  (05) 032 —1123
-1, -1, 7.2 0.4) 0.42 —-11.25 0.7 (0.4) ¢ ¢
L =2 L5 (05 032 —1125 ..
-17,0 o 41 (0.6) 0.36 —-11.21
2,2 i, 25 (06)  ° ¢
2t 10 (10) ¢ .
200 i, 50 (09) 064 —1136 05 (0.5 ‘ ¢
2 L 23 (05) 024 —1126 ...
TABLE 1B

OTHER SPECTRAL-LINE RESULTS

Offset
Aa, Ad
(arcmin) Molecule J'-J Ti* (AT)> Av° (vpd
0,275 ........ BCcO 21 06 (02)  * .
0,2 weiin, c®0 10 02 (02) ® ¢
0,175 ........ 12co 2-1 58  (0.7) 048 —1144
13co 2-1 30 (02) 036 —1141
R T C'*0 10 13 (0.16) 023 —1137
0,075 ........ 2c0 2.1 69 (03) 057 —1140
13co 2-1 34 (02) 040 —11.33
c*0 21 07 (02) ¢  —1134
0,0 ........... C!®0 1-0 14 (012) 019 —1131
0,-025...... 2c0 21 70 (04) 055 —1140
3CO  2-1 26 (02) 037 —11.39

2 Radiation temperature of line peak, K (§ Illc).
b RMS noise of spectrum.

¢ Line full width at half-intensity, km s~ !.

4 Line centroid velocity, km s~ 1.

¢ Spectrum too noisy for reliable determination.

temperature of the cloud, subject to the following
qualifications. (1) As is clear from Table 1, significant
gradients in T, can be inferred to exist over the cloud,
since 3CO is observed at locations where the CO
radiation temperature has fallen well below its peak
value. (2) Depending upon the nature of the internal
velocity field, the inferred 14 K excitation temperature
may not pertain to the central regions of the cloud—the

cloud core may be colder than 14 K. Ultimately, both
points (1) and (2) demand that any inferred thermal
structure of the cloud be checked against the observations
using a line formation model, as described in § IV.
The spectral lines depicted in Figure 3 are unusually
narrow, ranging from Av=0.60 km s~! for the CO
J=2-1line to Av = 0.23 km s~ ! for the C'80 J =
1 — 0 line. No statistically significant positional varia-
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8 . | , | TABLE 2
6 L 2c0 i 13CO CoLUMN DENSITIES AND INFERRED
Je2 - VisuAL EXTINCTIONS
a4 -
Offset® N5(LTE) A°
2 r T (Aa, AS) (10> cm™2)  (mag)
el M o annn .n =
0 Rt AR @1)....... beveriverenns 0.76 038
o7 7 (L2) oo 0.73 0.7
~ 2¢0 ] (L)oo, 2.10 13
8 | Veleo A (1L,0)e e 0.65 0.7
6 L i ©.3) e <0.10 <03
. L () PR 1.50 11
x 7] O 1), 3.30 17
o 2f - (0,0) e 2.13 13
P I . N S O 1) ceeeeiiiiieaan, 037 0.5
o > ’ (=1,2) i <0.18 <04
E i (=L 1) e 115 09
o 3r B3¢co 1 (=1,0) ceeeeeeiiinn. 1.14 0.9
® » L J=2—=1 | (=L =1) oo <023 <04
o (=2,0) .o <015 <03
o - ] Unsampled®.............. <2 <22
0 PPt el e * Offset in arcmin from «(1950) = 0*36™170,

a\y

Radiation

-14 -13 -2 -1 -10 -9
VLSR ( km/s)

F1G. 3.—Carbon monoxide spectra toward position (0, 1); this is the
location of peak CO and '3CO J = 1 — 0 line intensity in the cloud.
Note the extremely narrow C'80 line.

tions in the v,z of any mapped species are evident in
the data. This implies that any systematic velocity shift
across the cloud due to shear or rotation has a total
amplitude <0.07 km s~'. Likewise, the absence of
statistically significant positional fluctuations in v;gg—
which would add in quadrature with the observed line
dispersions to yield the total rms flow amplitude for the
cloud—indicates that the globule possesses a singularly
low internal velocity dispersion compared with those of
most other interstellar dark clouds. The nature of the
velocity field is discussed in detail in § IVa.

Table 2 lists values of '3CO LTE column density,
calculated in the manner described by Dickman (1978b),
at each location in the globule where concurrent CO
and !3CO observations were made. Also listed for each
position are equivalent visual extinctions, obtained from
the relations developed in Appendix B. The excellent
agreement between the peak visual extinction derived

5(1950) = 52°34'37".

® Equivalent visual extinction from N,3(LTE).
See Appendix B.

¢ Based upon !'>CO data, weak but detectable
emission may be expected at (1, 3), (1, —1), and
(2, 0). Based upon '3CO intensities elsewhere in
cloud, a total column density <2 x 10!° may be
expected from all three locations. Value for 4,
assumes equal contributions.

in this fashion, 1.7 mag, and the average core extinction
deduced from the star counts (§ IIIb), 1.85 mag, should
be noted. Assuming a standard gas-to-extinction ratio
for the globule (Ny,/4, ~ 10*' cm~2 mag~! [Bohlin,
Savage, and Drake 1978]) and including a ~109%
correction by number for helium (Allen 1973) then leads
to the following mass for the portion of the cloud
producing measurable **CO emission:

M3 = 0.6(d/600 pc)z Z Av(i) Mo, (2)

where d is the distance to the globule, and A,(i) is the
extinction in each 1’ square listed in Table 2. Taking
d = 600 pc (Appendix A) and using the tabulated 4,
gives M ;=73 M.

The total cloud mass must, of course, exceed M.
Both the mean CO and photometric radii, defined,
respectively, by the outer edge of the 12C!®0O emission
and the point at which the (blue) surface brightness
of the cloud is comparable to that of the sky, have
values ~3’ and ~2'5, somewhat larger than the ~2'
mean '3CO radius. If the CO radius is assumed to
define the true cloud size, for example, and a character-
istic volume density ny, ~ 150 cm™? is assigned to the
outer annulus not probed by *3CO, the total cloud mass
is then of order 10 M. We shall consider this issue
again in § I'Ve.

IV. CLOUD MODELS

Some basic properties of the globule deduced from the
observations are summarized in Table 3. In this section
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TABLE 3

OBSERVATIONALLY INFERRED PARAMETERS
A = (Globule Distance/600 pc)

Quantity Comments/Source Measured Inferred
EIHptiCity .. .oovniee e 2 13 1.3
Mean radius, opaque core ..................... POSS O print 07 0.12A pc
Mean radius, 13CO region .................... J=1-0data 2 0.35A pc
Mean radius, CO region....................... J=1-0data 3 0.52A pc
Mean radius, photometry ..................... to sky brightness 2'5 0.43A pc
Characteristic kinetic temperature ............ CO intensity 14K 14K
Mass interior t0 Ry «.cevvvnineninenennnennnn. 13CO data® >73A* Mg
Mean core extinction .................oooeennn POSS E star counts 1.9 1.9 mag
Mean core extinction ..................o.oeuns 13CO column density® 1.7 >1.7 mag
Maximum cloud extinction.................... photometry 3-5 3-5mag

* (Major diameter)/(minor diameter). Measured with respect to photometric outer half-power levels.

® See § Illc and Appendix B.

models of the globule are considered with the goal of
accounting for these attributes. In addition, multilevel
non-LTE CO line formation calculations consistent with
the final model adopted are presented, in order to gauge
the adequacy with which they represent the spectral-line
data.

A common starting point in the determination of a
cloud’s dynamical state is to consider the two most
extreme characterizations of the internal velocity field—
systematic and fully disordered flows—and to examine
each on the basis of its relative merits. As remarked
earlier, it is usually impossible to specify turbulent model
states for dark clouds with precision because such
configurations are observationally constrained to be
supersonic. We begin by demonstrating that in the
present case this is not so.

a) Turbulence

An upper limit to the amplitude of turbulent motions
within the globule can be obtained by assuming the
cloud to be stable. In that case, all the gas motions which
broaden the CO lines must be spatially disordered. For
simplicity, it will be assumed that the velocity field is
homogeneous and isotropic, and described by an
amplitude <v?>Y? = g, on scales larger than the flow
correlation length.

To extract o, from the observations it should be
recalled that if the correlation length is sufficiently
small (an issue discussed in more detail in § IVf),
optically thick spectral lines will be substantially
broadened by saturation effects (Traving 1975; Dickman
and Kleiner 1983). To minimize this potential effect,
0, should be estimated from the least saturated available
transition, which in the present case is the C'80
J=1-0 line.

Assuming a Gaussian distribution function for the
random motions, an optically thin spectral line observed
with an antenna beam whose projected size on the cloud
is larger than the flow correlation length will be
Gaussian in shape (Dickman and Kleiner 1983). The
latter criterion is not a very stringent one for the 47"
FCRAO beam at 109.8 GHz (since at 600 pc the

HPBW subtends ~0.2 pc, about one-fifth the cloud
diameter), so that in this case the full width at half-
intensity of an optically thin line is related to the e™?!
dispersion of the profile by Av=2(In 2)"?¢. The
dispersion ¢ is the root mean squared sum of thermal
and turbulent velocity fluctuations along the line of sight:

o= 2(ﬂ + 0,2) , (3)

where T is the kinetic temperature, taken as uniform,
mco is the CO molecular mass, and ¢} is the variance
of the line-of-sight velocity field fluctuations. For an
isotropic flow, o? is related to the three-dimensional
rms fluctuation amplitude via

2 _ 1.2
g; =300 .
Combining these relations gives

0o = [3( Ac? ﬂi)]/ . @)

8ln2—mCo

Taking T = 14 K (Table 3) and Av=0.23 km s~ ! for
the C*80 line (Table 1) leads to

6o =0.12kms"! ()

for the maximum turbulent velocity dispersion; the nature
of relation (5) as an upper limit arises not only because
we have assumed the cloud to be stable (so that Av,g
is uncontaminated by collapse or expansion) but also
because some slight saturation of the C'80 line at the
(0, 1) position cannot be excluded.

The dispersion given by relation (5) is remarkable
in several respects. Denoting the mean particle mass
in the cloud by u, the adiabatic sound speed for the
cloud is ¢, = (SkT/3u)"/* ~ 0.28 km s™', so that the
adiabatic Mach number M, < 0.4; any turbulence in the
cloud is thus subsonic by a wide margin. While
localized, nearly sonic condensations within certain
molecular clouds, notably those in Taurus (Myers and
Benson 1982), have been previously studied, to our
knowledge the globule is the first isolated unit cloud to
be revealed as fully subsonic. As a result, vigorous

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1983ApJ...271..143D&amp;db_key=AST

J. D D271 CI43D0

o]

3A

rt

No. 1, 1983

shock wave dissipation, which should plague a super-
sonic turbulent flow, will be absent here, greatly pro-
longing the lifetime of the turbulence. Indeed, if the
turbulence is treated as a field of sound waves of
random phase, one can show that motions of amplitude
0.1 km s~ ! can be maintained against viscous decay and
boundary leakage by coupling to the ~3 x 1072° ergs
s™! cm™~3 power density driven by supernovae (Cox
1979) in the intercloud medium (see also Spitzer 1982).

Turbulence produces a supportive stress in addition
to thermal pressure. On scales larger than the correlation
length, this dynamical pressure is pc3/3, so that the
ratio of thermal to turbulent pressure is 9/5M2. In
the present case this ratio is approximately 10. There-
fore, any equilibrium state in which magnetic fields may
be ignored will be thermally, not dynamically,
dominated. The turbulent stress can be characterized as
an additional effective temperature T, = poj/3k,
roughly 1.5 K in the present case. The total equivalent
temperature of the cloud is then ~15.5 K if the 14 K
fiducial temperature of Table 3 is used.

b) Saturation Broadening and Implications for
Systematic Motions

The CO and *3CO lines in the globule are considerably
wider than their C'80 counterparts. To the extent that
a uniformly excited microturbulent line formation
scheme can be taken to approximate the cloud, the line
widths of the more abundant isotopic species appear
to be consistent with saturation broadening of the
underlying velocity dispersion exhibited by the C'*O
line. Assuming a Gaussian line profile function, a spectral
line with core opacity 7, in such a model will display
an enhanced width Av compared with a thin line having
width Avg:

< K—ln {rglln m] +1”]”2. (6)

Comparing the observed CO and '*CO line widths at
the (0, 1) position of the globule using Av,;g = 0.23 km
s™! = Av,, and solving equation (6) for 7, gives
715(2-1) ~ 50,  74,(1-0) ~ 30, 743(2-1)~6, and
743(1-0) ~ 4. Considering the crudeness of the line
formation model used here, these are entirely reasonable
values, and they suggest that the !*CO transitions
observed are probably subthermally excited in the
globule, a common condition in dark nebulae (e.g.,
Dickman, McCutcheon, and Shuter 1979).

While suggestive, the above demonstration does not,
of course, prove that systematic motions are absent in
the globule. Even granting the existence of turbulent
motions of amplitude 0.1 km s~ !, we have accounted for
neither the inhomogeneous character of the cloud nor,
more importantly, the possibility of a moderate turbulent
flow scale which would inhibit the degree of saturation
broadening (Traving 1975). We can therefore merely
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note that from a line formation standpoint, an ordered
flow is not a priori required to replicate the line
widths observed for the optically thick species toward
the center of the globule. Further support for an
essentially static cloud configuration does, however,
follow from an assessment of the globule’s equilibrium,
carried out below.

¢) Global Equilibrium

If dissipative forces due to turbulence are neglected—
a reasonable assumption in view of the foregoing con-
straints regarding the flow amplitude—the cloud will
obey the virial theorem (e.g., Spitzer 1978). Treating
the cloud as spherical and ignoring magnetic fields for
the moment, a stable configuration must obey the
following energy relation:

GM? kT

1
= 3M(7) + Mod +-Mvg. (7)

3

4nR Po + 9
Here M, R, and T are the cloud’s mass, radius, and
temperature, respectively, o, is the three-dimensional
turbulent velocity dispersion, p, is the external pressure
of the intercloud medium, and v, is the equatorial
rotational velocity of the cloud, discussed below. The
other symbols have their usual meaning. The centrally
condensed state of the cloud has been accounted for
approximately by employing a coefficient of unity in the
gravitational term rather than the three-fifths appro-
priate to a uniform mass distribution; this replacement
is exact if the density profile within the cloud goes as r~2
and the mass of the cloud is finite.

To estimate the terms in equation (7) numerically,
we adopt Myers’ (1978) value of p, = 3700k dyn cm™?,
utilize a CO radius of 0.5 pc, and characteristic cloud
kinetic temperature of 14 K (Table 3), as well as the
turbulent velocity dispersion given by relation (5).
To characterize the total cloud mass interior to R = 0.5
pc, the total mass estimate M = 10 M (§ IlIc) may
be used. In units of 1043 ergs, the external pressure,
gravitational, thermal, and turbulent energies are found
to be 2.4, 1.7, 3.0, and 0.3. Ignoring the rotational
energy term, the ratio of compressive to support energies
is about 1.2. This is close to the value of unity for a
perfectly stable cloud, perhaps surprisingly so, given
the uncertainty in the various parameters entering
equation (7). The fact that external pressure plays a
comparable if not slightly dominant role compared with
self-gravity in confining the globule is a not entirely
unexpected consequence of the cloud’s small mass and
rather diffuse state.

Rotation has been ignored above on observational
grounds. The rotational energy in equation (7) was
derived assuming solid-body rotation weighted by the
same r~2 density distribution used in computing the
gravitational energy. The ratio, Y, of rotational to
gravitational energy is

Y = (RvZ/9GM) . ®)

For rotation to be significant (of importance comparable,

B
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say, to turbulence), one requires Y >0.1. But the
observational data (§ IIlc) constrain the value
2v, sin (i) <0.07 km s™!, where i is the inclination
angle of the rotation axis with respect to the line of
sight. In order to satisfy equation (8) with Y >0.1
then requires |i| < 7°. This value is so small as to make
it statistically unlikely that rotation plays much of a role
in- ordering the cloud. Moreover, if rotation at the
stipulated axis tilt is in fact present, it can hardly be
responsible for the observed ellipticity of the globule,
since the cloud would then be flattened essentially along,
not normal to, the line of sight.

d) Magnetic Fields

The near-equality of the compressional and supportive
energies found above is somewhat surprising from the
standpoint of any magnetic field within the globule.
To make up the computed deficit, §, between the two
classes of energies requires only a mean-square field
strength for the cloud (Spitzer 1978) of <(B*) =~
36/R* ~ (2.5 uG)*. The associated field energy would
then be about 259 of the turbulent and thermal
energies when averaged over the cloud, that is, of only
marginal importance to the energy budget but
potentially still crucial in fixing the local structure of
the globule.

However, 2.5 uG is close to the mean 2-3 uG strength
of the fossil field usually assumed to pervade the
interstellar medium. This might suggest that the globule
formed in a region of abnormally low magnetic field
strength, provided its formation was gentle enough to
permit field amplification by (anisotropic) flux freezing
(Mouschovias 1976). But a violent formation event is
almost surely required to explain the present state of the
cloud, since at typical H 1 cloud densities and tempera-
tures the spontaneous occurrence of a 10 M con-
densation would be most unlikely. The fate of an
embedded 2 uG field under such circumstances is at
best ambiguous. Without any observational constraints
on the present internal field of the cloud, the role of
magnetic forces in shaping the globule must, in our
view, be regarded as entirely speculative.

It therefore appears prudent to treat the cloud without
the introduction of an additional (and observationally
free) parameter in the guise of the magnetic field
strength and to examine the ensuing nonmagnetic models
on their own merits. The one potential difficulty with
this strategy is that a natural origin for the observed
ellipticity of the cloud is sacrificed (cf. Mouschovias
1976). However, an ordered internal magnetic field is not
the sole mechanism capable of elongating the cloud.
External pressure anisotropy (Dyson 1973) is an
attractive alternative which would be a natural con-
sequence of relative motion of the globule with respect
to its surroundings. The windblown appearance of many
isolated dark nebulae, evinced by the presence of one
sharp and one diffuse edge (cf. E. E. Barnard as quoted
by Lynds 1968), suggests an external, gas dynamic
origin. This morphology is shared by the present
globule, as indicated by the brightness tracings of
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Figure 2. The geometric mean of the outer half-power
points along the major axis does not coincide with the
brightness minimum (i.e., core) of the cloud; the latter is
displaced by about 25% of the axis diameter from the
geometric center of the globule.

e) Detailed Hydrostatic Cloud Models

The construction of detailed hydrostatic models of the
globule is desirable for several reasons. First, by imposing
a priori the requirement of equilibrium, one can see in
a conveniently parametric fashion whether global
attributes of the model clouds, such as mass, radius,
visual extinction, etc., can be successfully matched to
their observationally determined counterparts. This
amounts to a parametric exploration of the virial stability
criterion (7) which implicitly accounts exactly for model-
dependent variations in the energy coefficients, as well
as for factors such as kinetic temperature gradients (thus
far ignored). Second, the models offer a means to
characterize the radial variation of local parameters such
as density and kinetic temperature, which are required
for line formation modeling. Third, they provide
additional physical insight into possible consequences of
the equilibrium states.

For simplicity, we shall retain our previous assumption
of spherical symmetry in what follows. It is difficult to
see how this could lead to very serious errors provided
the physics of our models is complete, since the
observational data are in any case rather coarse in
spatial resolution.

Neglecting both rotation and magnetic fields, the
models must satisfy the usual hydrostatic balance
equation for a sphere, subject to the boundary con-
ditions that (i) the edge pressure is continuous and
equal to the intercloud pressure, p,, and (ii) the central
density p(0) is nonsingular. The cloud is treated as an
ideal gas, so that the local pressure p(r) = n(r)kT(r),
where n(r) is the number density of the gas at r, and
T(r) is the effective temperature, which includes both
thermal Ti(r) and turbulent components:

T(r) = Ti(r) + pog/3k . ©)

Equation (9) embodies implicitly the assumption that
the turbulence is isotropic, homogeneous, and possesses
a correlation length smaller than the scale of any
thermal or density gradients.

In order to specify the models completely, an
equation of state is required. We shall consider two of
these. The first is the simplest approximation to the
observational data, viz., an isothermal cloud with
T(r) = 16 K. The second attempts to refine this picture
by accounting for the edge heating produced both by a
decreased CO coolant abundance, as well as by incident
peripheral UV; both effects are apt to be significant
because the globule is of low visual opacity. A rigorous
treatment of this case would require use of a full
chemical cooling network, as well as one desired result
of the hydrostatic models themselves, that is, the density
distribution in the globule envelope. To avoid a massive
coupled calculation of this type, we instead adopt an
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equation of state based upon recent work by de Jong,
Dalgarno, and Boland (1980), who studied the chemical,
thermal, and dynamical equilibrium of one-dimensional
molecular cloud configurations. Over a wide range of
model parameters they find that the thermal pressure
of a gas parcel subject to a constant visual extinction
goes as p ~ p2/3. Although positional extinction varia-
tions must cause local deviations from this simple scaling
relation in an actual cloud, examination of the pressure-
density law obtained by de Jong et al. for a uniformly
turbulent cloud suggests that within the uncertainties
inherent in their calculations, an equation of state of

the form
p(r) = Kp*3(r) (10)

may be adopted. In what follows, the parameter K =
[kT(0)/u]p(0)®* will be assumed to vary for each
equilibrium configuration only through variations in
central density; that is, the central temperature of the
models will be assumed constant.

Both classes of model are therefore described by a
state equation of the form

p(r) = K[p(r)]' """, (11)

where N = oo, —3 for the isothermal and hot-edged
cases, respectively. This relation defines a polytrope of
index N, and specification of the hydrostatic model
states is thus reduced to determining two sets of pressure-
bounded polytropic model solutions, one for each index
(e.g., Chandrasekhar 1939; Shu ez al. 1972).

To construct solution sequences, one chooses the
bounding pressure, p(R)=p,, and central effective
temperature, Ty. By introducing a dimensionless length
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equation is transformed into standard Lane-Emden form
(e-g., Milne 1930; Chandrasekhar 1939). The constant
a(£,) depends upon the polytropic index, N, as well as
upon p, and Ty. Any particular solution with a given
index is specified uniquely by the value £ ; one can think
of £, as fixing the central density of the solution, since
n(0) is a single-valued function of &;.

As shown in Table 4, once &, is specified, the mass
and radius of an equilibrium model are then fixed in
terms of a standard Emden function of index N. Tabular
solutions of the Emden functions for N = oo and —3.0
are given by Milne (1930) and Viala and Horedt (1974),
respectively. The radial variations of density and effective
temperature within the model cloud are also easily
established with these functions (Table 4). Peak visual
extinction and the variation of extinction with projected
offset from the model cloud center can be obtained
by numerically integrating the density profile along the
appropriate sight line, assuming a fixed gas-to-extinction
ratio, 4, = 10~ 2! Ny,. A comparison can then be made
between the observationally determined parameters of
Table 3 and their model counterparts. In effect, the
goal is to determine for a given index whether a value
of &, exists which produces reasonable agreement
between the two parameter sets.

A solution sequence depends upon the initial choice
of boundary pressure and central temperature (Table 4).
Scaling of the most important global model attributes
with respect to these quantities for fixed &, is given by

—-1/2 2.
M~p0/9 TO’

~ =172 .
& =r/a(¢,) which maps the interval r=[0, R] into R~po ™™, Tos (12)
& =10, ¢&,],so that &, = R/a(¢,), the hydrostatic balance A, ~ pd? .
TABLE 4
PRESSURE-BOUNDED POLYTROPES
Quantity Isothermal Hot-edged
Boundary pressure ..................... p(R) p(R)

Central temperature ...................
Central isothermal soundspeed .......

[
Ci= (kTo/u)''2

T
Ci=(kTo/p)""?

Lengthscale.............ocoevvvinennnn. R, = C}[27Gp(R)]~/* R, = C}[2nGp(R)]~ 72
Density scale ...............ooeeeenne. n, = p(R)/kT, ny = p(R)/kT,

Mass scale .....o.ovvivvvnniniiinninn.. M, =R, C}G M,=R,C}G
Polytropicindex, N .................... 9 -30

Emden equation® ..........
Dimensionless radial variable
Coredensity.....................

Cloudradius ...............oooviinnnnn

VZu(g) = exp [—u(¢)]
¢ = {2 exp [u(¢,)]}*(r/R)

ng = n, exp [u(¢,)]

R = R,[¢ exp (—u)/2)

V29(£) = 073(¢)
¢ =0(%:)(r/Ry)

o = Ny 92(51)

R = R,[£0™(O)],

Cloud mass®............................ M = M, {fexp (—u)2] 220/ (E)y;, M = 2M[E20/(E)/0(E)],
Edge density ...........cooeiiininnnnn. n(R) = n, n(R)=n, 07 (&)

Edge temperature ...................... T(R)=T, T(R) = T, 6(¢,)
Density profile ......................... n(&) = ng exp [—u(¢)] n(&) = ne 073(¢)
Temperature profile ................... T(¢)= T(&) =T, 0(¢)

2 V2 = £724,(¢%d,). Tabulations of the Emden functions are given by Milne 1930 for N = o, and

by Viala and Horedt 1974 for N = —3.0.
® The notation f*(£) = d; f(£) is used.
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The dependence of other quantities of interest upon p,
and T, may be worked out easily from Table 4.

Model sequences with N = oo and —3.0 both lead
naturally to centrally condensed configurations. This is
depicted in Figure 4, where normalized density has been
plotted for each index as a function of the dimensionless
scale & At large distances from the model origin,
neglecting a small, oscillatory ¢-dependent term,
densities go as ¢72 and ¢~ 1% for the isothermal and
hot-edged models, respectively (Chandrasekhar 1939;
Viala and Horedt 1974). Either result is consistent with
our previous estimate for the density law in the globule
envelope based upon the photometric data (§ ITIb[ii]).
Both types of model are stable with respect to convection
and to small radial perturbations. However, the iso-
thermal models possess a critical linear scale, £, beyond
which equilibrium solutions are unstable with respect
to an increase in external pressure (Bonnor 1956;
Spitzer 1968). If an equilibrium configuration with
£y > &, initially bounded by p,, is subjected to an
isotropic pressure excess, dpy, no stable isothermal con-
figuration of the same mass can exist in equilibrium
with the new pressure p, + dpy; the model cloud must
collapse.

The solution sequence with N = —3 lacks this
instability. This may appear surprising at first,
particularly since instabilities of this type are implicit
in the structure of a wide range of self-gravitating,
pressure-bounded polytropic systems (Bonnor 1958;
Kimura 1981) and have been discussed specifically for
the N = —3 case (Shu et al. 1972). However, it is readily
demonstrated that the pressure instability in a sequence
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of polytropic configurations of constant mass is closely
tied to the requirement that the solution set be
characterized by a single value of the proportionality
factor K in equation (10). Owing to the assumption
of constant core temperature made above, this is not the
case for the sequence of warm-edged hydrostatic models
which we generate; rather, each equilibrium configura-
tion possesses its own proportionality constant, K.
The usual Bonnor stability criterion may in fact
be applied to any hydrostatic solution of constant mass
and core temperature described by Table 4, and it is
easily shown that the configuration is stable with respect
to external pressure increases.

The isothermal model sequence which results from
choosing py/k = 3700 K cm~2 and T, = 16 K is shown
in Figure 5a. Mass, radius, central H, number density,
and visual extinction through the model center have been
plotted as functions of £,. The critical scale &£, which
is about 6.4 for isothermal polytropes (Spitzer 1968),
is also shown. In Figure 5b, the analogous solution
sequence for the hot-edged models has been plotted with
the addition of the edge temperature. It should be noted
that for the N = —3.0 sequence a core temperature of
only 8 K was chosen, about the lowest value consistent
with cosmic-ray heating of the cloud (Goldsmith and
Langer 1978). This choice stems from the fact that
because the cloud heats up with radius, optically thick
CO emission cannot be expected to accurately reflect the
central temperature of the cloud. That such a thermal
structure is in fact capable of reproducing the observed
CO intensities toward the inner regions of the globule
is demonstrated in the next section.

p/p(0)

FI1G. 4—Normalized density profiles for the isothermal (N = o0) and hot-edged (N = —3) hydrostatic models (cf. § IV). The abscissa, &, is
proportional to radial distance from the model center. Its maximum allowable value, ¢;, depends only upon the central density of the model,
once the core temperature and boundary pressure of the model have been fixed (§ IVe).
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F1G. 5.—(a) Total mass, central H, number density, radius, and maximum visual extinction for a sequence of isothermal cloud models (§ IVe).
The model temperature is 16 K, and the boundary pressure po/k = 3700 K cm™3 (Myers 1978). (b) As for Fig. 5a, but for a sequence of hot-

edged models. The edge temperature of the models is also displayed.

It seems best to judge the quality of model fit to data
primarily on the basis of the observed cloud radius
and central extinction, since these are the least uncertain
of the available cloud parameters. Reasonably good
agreement is obtained for the isothermal models with
5 < ¢, <175, values which straddle the critical point
¢, =~ 6.4. The total cloud mass and central H, number
density then range from M =~ 133 to 13.7 M and
ne =~ 3000 to 5000 cm ™3, respectively. By contrast, the
hot-edged model series is best fit for 7 < &, <9, with
associated total mass, central density, and edge
temperature in the ranges M = 9-11 M, ny, = 3500-
4700 cm ™3, and T(R) =~ 22-26 K.

From the standpoint of radius and central extinction,
there is relatively little reason to prefer one class of
model over the other. Both lead to cloud masses
consistent with our previous estimate, and both predict
central densities high enough to be qualitatively
compatible with the presence of observable C!80
emission (since this line is not strongly supported by

radiative trapping). However, the hot-edged model is
clearly more appealing on the physical grounds discussed
previously. An additional point it its favor comes from
comparing model visual extinction profiles with the
equivalent 4, deduced from !*CO LTE column densities
(Table 2). In order to effect comparison between the
spherical models and the elliptical cloud, the following
approach was adopted. The position (0, 1), which marks
the radio emission peak, was taken as a fiducial center
about which an ellipse of axial ratio 1.3 (Table 3) was
constructed. The major axis of the ellipse was aligned
with that of the cloud, and the mean CO radius was
used to fix the size of the ellipse via the relation
Rco = (ab)'’?, where a and b are the semimajor and
semiminor axes. The location of each position at which
A, was determined was then transformed into an
equivalent dimensionless offset from (0, 1), specified by
the ratio of the position’s distance from the fiducial
center to that from the center to the cloud edge along
the same radial vector. Model extinction profiles were
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determined by numerically integrating the hydrogen
density along the appropriate sight lines and scaling
by 10~ 2" (Bohlin, Savage, and Drake 1978).

Figure 6 compares the observationally based data
points with the extinction profiles associated with the
median best fit &, values for the isothermal and
hot-edged models. The hot-edged model is clearly
preferable to the isothermal one in the cloud envelope.
In the center, the *3CO-based extinction is considerably
lower than predicted by both models (although in
excellent agreement with the star count value), but the
photometrically determined value, 3-5 mag, is in reason-
able accord with either. The failure of the former method
to faithfully trace the core extinction can be attributed
to the presence of a fairly steep, unresolved !3CO
emission gradient in the inner portion of the cloud
£§ IVf), which will always cause an underestimate of

3CO column density (Dickman 1976).

While the hot-edged model produces a satisfactory
match to the data thus far considered, it must of
course be treated as a likely, rather than definitive,
representation of the cloud. Other choices of p, and T
can lead to essentially the same quality of fit to the
data, and the use of a polytropic equation of state is
surely an oversimplification. We have, to a limited
extent, explored the effect of altering our model
assumptions, with the following results. Wide variations
in T cause the N = — 3 models to fail; above T ~ 12 K
the equilibrium configurations are too large and massive
at £, = 8 to be consistent with the photometric core

50 —

FRACTIONAL OFFSET

F1G. 6.—Visual extinction vs. fractional offset from cloud center for
the hot-edged model with &; = 8 in Fig. 5b (solid line) and for the
isothermal model with ¢, =7 in Fig. Sa (dashed line). The curves
were obtained by numerically integrating the local gas density along
each line of sight. Also plotted are the observational results based on
13CO column densities derived as in Appendix B. The point denoted
“P” is based upon the surface brightness measurements and is hence
unaffected by the spatial dilution effects which plague the radio-based
data.
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extinction, unless our distance value is in error by more
than 50 % (cf. Appendix A). The simultaneous imposition
of R and A,(max) as solution constraints—quantities
which scale reciprocally with bounding pressure (eq.
[13])—appears to restrict acceptable values of p, to
about a +50%; range around Myers’ (1978) value. In
all cases, the hot-edged models appear superior to the
isothermal ones if the admittedly uncertain equivalent 4,
are compared with model extinction profiles, as in
Figure 6; isothermal models which exhibit sufficiently
strong density contrast to match the observed radius
and core extinction and give about the correct mass and
core density produce extinction profiles too steep to
match the data well.

f) Line Formation Models

We have already remarked that the adoption of a
cloud model in which the kinetic temperature increases
outward renders interpretation of the spectral-line data
ambiguous in some respects. For this reason, as well
as to further probe the adequacy of the hot-edged
models, it is useful to establish a posteriori that they
lead to CO emission models consistent with observation.

To do so, a hot-edged polytrope with £, =9 was
used to establish local H, density and kinetic tempera-
ture throughout the model cloud; a core temperature
of 8 K and a boundary pressure p, = 3700 k dyn cm ™2
were assumed, so that global properties of this model
can be read easily from Figure 5b. A Monte Carlo
simulation based on that of Bernes (1979) was used for
the radiative transfer. Pure microturbulence of rms
amplitude 6, = 0.12km s ™! was assumed, and the model
was divided into 30 unequally spaced radial shells. Six
CO rotational levels were considered, and H, collision
rates were approximated following de Jong, Chu, and
Dalgarno (1975). To obtain satisfactory convergence of
the level populations, between 80 and 200 iterations for
each isotopic species were typically employed. Several
different random number seeds were tested to estimate
the numerical noise which results from the Monte Carlo
procedure (Bernes 1979). Model COJ =1 —»0and 2 — 1
line intensities are accurate to better than 0.5 K; the far
less saturated '3CO and C!30 lines are considerably
less noisy. Line profiles were calculated for 10 projected
offsets from the model cloud center, with a velocity
spacing 0.05 km s~ ! in each profile.

In order to carry out the line formation calculations,
fractional abundances of the CO isotopic species must
be specified throughout the model cloud. Langer’s CO
chemistry (1977) was used for this purpose. For fixed
hydrogen density and kinetic temperature, the CO
fractional abundance, x¢o, is determined in Langer’s
computations by the UV opacity at 1000 A, measured
to the edge of his one-dimensional cloud models. Using
Langer’s conversion between t,, and A4,, along with
integrated hydrogen densities obtained from the hydro-
static cloud model, allows one to obtain xco at each
location. In the outermost portion of the model cloud,
linear extrapolation of Langer’s curves was used; these
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regions contribute so little CO emission that virtually
no error results from use of this approximation.

Langer’s fractional abundances were modified in two
ways. A UV flux 259 lower than Langer’s was used,
since the globule lies about 100 pc off the galactic plane;
this flux adjustment was easily carried out by adding a
constant excess 7, to each location in the cloud model.
Second, Langer’s models employ element depletions
characteristic of the { Oph molecular cloud. Recent
studies of carbon and oxygen depletions in interstellar
clouds (Liszt 1981; de Boer 1981), however, indicate that
with the exception of the upper Scorpius region, these
elements are depleted by much less than 50 9, with respect
to their solar values. CO abundances calculated with
no initial gas-phase depletion therefore appear to be a
more reasonable basis for the radiative transfer modeling.
In order to bring them into approximate accord with a
zero-depletion model, Langer’s xco values were
multiplied by his assumed depletion factor (however,
see Mitchell, Ginsburg, and Kuntz 1978).

Langer’s models account explicitly for **CO fraction-
ation. Abundances for this species were calculated using
Langer’s 10 K curve, since fractionation is most
pronounced in the cooler inner regions of the model
cloud. Two isotope ratios [*2C]/[**C] were employed
in the models: 89 (terrestrial) and 40 (Wannier et al.
1976). C*80 abundance was assumed to strictly follow
that of CO, scaled by two values of the ['50]/['80]
ratio: 500 (terrestrial) and 250 (characteristic of the
galactic center; Wannier 1980).

Line formation model results for the central region of
the globule are given in Table 5. The line parameters
summarized there have been computed by convolving
the spectral-line emission for each transition and species
with the response of a Gaussian antenna beam; using
the adopted distance of 600 pc to the globule, the

TABLE 5
MICROTURBULENT CO MODELS COMPARED WITH OBSERVATIONS

MOoDEL® OBSERVED®

Isotoric TRANSITION
SPECIES RaTIO* J-J Tr Av Tx Av
CO.......... .. 21 689 0.54 6.6 057
S 1-0 10.7 044 107 0.53
13CO ....... 1/89 21 39 0.37 36 040
1/89 1-0 50 030 59 038
1/40 2-1 50 0.42 3.6 040
1/40 1-0 70 0.33 59 038
C80 ....... 1/500 1-0 03 0.22 13 023
1/250 1-0 06 023 13 023

* Abundance ratio of [*3*C/*2C] or [*80/!®O). First values listed
are solar (Allen 1973). See § IVf.

® Peak line radiation temperature (K) and FWHM (km s™!) for
profiles toward center of the model cloud. The tabulated results
reflect convolution with synthetic antenna beams (HPBW of 47" and
13 for 1 -0 and 2 — 1, respectively) for a cloud at 600 pc, so that
results can be compared directly with observations.

¢ Peak line radiation temperature (K) and FWHM (km s~ !).

4 Model line profile self-reversed. Peak does not occur at centroid
velocity.
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HPBW was taken to subtend either the 47" used for the
J =1-0 observations or the 1:3 which was available
for the J = 2 — 1 data. The model results can therefore
be compared directly with the observations at location
(0, 1) which marks the radio peak of the actual cloud;
these data are likewise listed in the Table. Radial
dependences of CO and '3CO J=1-0 radiation
temperatures were also calculated and compared with the
maps (Table 1), after making the geometry adjustment
described in § IVe.

Itisclear from Table 5 that the peak intensities of both
modeled CO transitions agree very well with the observa-
tions. The J=2-1 line profile, however, is self-
reversed by about 1 K in the microturbulent model,
whereas the observations (Fig. 3) show only a rather
flat-topped line; this discrepancy is discussed below.
Considering the ~0.07 km s~ ! uncertainty attributed
to our line width determinations, the full widths at
half-intensity of both lines agree well with the observa-
tions. Inspection of the result for '3CO shows that,
within our 159%-209, calibration uncertainties, a
terrestrial carbon isotope ratio produces satisfactory
agreement with the observations of this species. For
both CO and '3CO, the synthetic J = 1 — 0 maps also
correspond well to the observations, and it is noteworthy
that the calculated *CO brightness temperature drops
very steeply past the inner 159 of the cloud radius.
This steep emission gradient is responsible for the
underestimate of this species’ column density and hence
the central extinction of the cloud discussed in the
previous section.

A second exception to the generally satisfactory match
between observation and theory occurs for C!20.
While the model line width agrees well with that
observed—an expected agreement, since the full width
at half-maximum of the 1-0 line forms the
dynamical basis of the hydrostatic models (§ IVa)—
its intensity falls substantially below the value observed,
even if an oxygen isotope ratio appropriate to the
galactic center is used instead of the more reasonable
terrestrial value (Wannier 1980).

The two instances above in which theory and
observation fail to agree are unlikely to be fatal to the
present model’s viability. The optically thin C!30 line
is extremely sensitive to the relatively rapid decrease in
fractional abundance which the species suffers at
locations even slightly displaced from the center of the
model cloud. The failure of the model to account for the
observed line intensity is due to the convolution of
fairly strong emission from this species toward the very
center of the cloud, with areas subtended by the model
antenna beam which show very little C!80O emission.
This difficulty may be readily traced to our use of CO
fractional abundances based upon Langer’s one-
dimensional cloud models: In a spherical cloud the
optical depth from a given point to the cloud edge
represent the shortest possible path for incoming
radiation. In making our correspondence with Langer’s
calculations, we have equated just this distance to the
UV path length in his one-dimensional models;
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consequently, the susceptibility of CO fractional
abundances to increased peripheral UV is somewhat
overestimated. A full three-dimensional chemical model
would be expected to lead to fractional CO abundances
which decrease less steeply with radius and, consequently,
to a considerably stronger C*%0O line.

Modification of Langer’s published results to reflect
such an alteration in cloud geometry is not trivial,
especially given the anisotropic scattering properties
expected for dust grains in the ultraviolet (Sherwood
1975). However, we have experimented with models
which maintain C!80 fractional abundance at its
central value over about 159, of the total cloud radius
and find that these can produce good agreement with
the observed intensity of the line. Whether or not such
a procedure is justified can, of course, be answered
only by recourse to a detailed three-dimensional chemical
model.

The self-reversal of the J =2 — 1 model line profile
is a common attribute of microturbulent radiative
transfer models for CO and is produced by optically
thick CO of low excitation temperature which occults
hotter material over the line formation path. The line
center optical depth of the J = 2 — 1 transition modeled
here is about 200. For the microturbulent approximation
to be valid requires the (unknown) correlation length
of the random cloud motions to be smaller than
~2R/200 (Leung 1978). This is clearly a fairly stringent
criterion. Recent studies of optically thick CO line
formation in turbulent clouds with flow scales on the
order of the photon mean free path, ~2R/r (Dickman
and Kleiner 1983), indicate that under such conditions
self-reversals are obviated, with the emergent line profiles
becoming first flat topped and then progressively more
Gaussian in shape as the correlation length increases.
It would therefore appear that by postulating a turbulent
length scale for the globule larger than a few percent
of the cloud radius, a J = 2 — 1 line profile which agrees
with observation could be obtained. It should also be
noted that unless the correlation length is substantially
larger than this value, the CO J =1-0 profile and
those of the rarer isotopic species will be little
different from those calculated via the microturbulent
approximation.

V. SUMMARY AND IMPLICATIONS

We have presented a detailed radio and optical study
of a compact, isolated Bok globule. The cloud lies near
the extreme end of the interstellar cloud mass spectrum,
having a total mass ~10 M. The molecular lines
emitted by the globule are extremely narrow, implying
that turbulent motions within the cloud have an adiabatic
Mach number <0.4. Consequently, thermal pressure
dominates dynamical pressure within the object by at
least at order of magnitude. This fact makes it relatively
simple to scrutinize detailed equilibrium models for the
globule, and it appears that a centrally condensed,
warm-edged configuration fits the observations reason-
ably well. Neither the requirement of hydrostatic
equilibrium nor the slight observed ellipticity of the
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cloud appears to demand the ad hoc postulation of a
significant internal magnetic field. A best fit hydrostatic
configuration was also used as the basis for a multilevel,
microturbulent, non-LTE CO line formation model of
the cloud. Excellent agreement was attained for }3CO
and J = 1 - 0 CO, but a good fit could not be obtained
for the C'®0 line intensity, and the CO J=2-1
central model profile was significantly self-reversed. The
failure to account for the observed C'80 line intensity
was linked to the use of a one-dimensional chemical
model to fix the fractional abundance of that species;
this overestimates the effect of UV-driven destruction
channels in the outer regions of a spherical cloud. It was
also suggested that a line formation model embodying
a flow correlation length larger than a few percent of the
cloud radius might produce a better representation of the
cloud’s molecular emission lines.

Refinement of the crude equation of state used to
model the hot-edged cloud configurations is clearly
necessary before the future evolution of the globule can
be seriously explored. While it is unlikely that an
improved equation of state will possess the simple
analytic properties of a polytrope, it would not be
surprising to find a Bonnor-type instability allowed at
sufficiently high values of the boundary pressure, given
a more realistic pressure-density relation for the cloud.
The near-term fate of the globule would then depend
strongly upon the present velocity of the cloud with
respect to the galactic plane, since higher ambient
pressures may be expected there. Other possible
evolutionary scenarios for the object include either
assimilation of the globule by collision with a larger
molecular (or atomic) cloud or evaporation into the
intercloud medium. The former is of relatively high
likelihood if the cloud possesses a significant velocity
component back toward the galactic plane. The latter
process depends strongly on the nature of the
surrounding medium. If embedded in coronal gas at
T ~ 10° K, the cloud will evaporate in only 50 million
years or so (Cowie and McKee 1977). On the other hand,
if the globule is buffered by cooler and denser H 1 for
which T < 10* K (Spitzer 1978), its evaporation time
will be greatly lengthened.

The most striking aspect of this study is the finding
that any turbulent motions within the globule are sub-
sonic. This afforded an opportunity to study a self-
gravitating system freed of many of the ambiguities
usually associated with stochastic hydrodynamic states.
The physical isolation of the cloud is essential in this
respect; the situation would be far more complex if the
cloud were embedded in a dense, turbulent medium of
comparable kinetic temperature. In that case, the
occurrence of density fluctuations whose lifetimes are
prolonged by self-gravity would be an expected conse-
quence of the compressibility of the gas. The stability
of such condensations can only be judged by recourse
to a full hydrodynamic treatment of both the turbulent
condensation and its embedding material.

The role of turbulence in supporting molecular clouds
is presently a topic of considerable debate (e.g., Scalo
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and Pumphrey 1982). An important feature of subsonic
stochastic flows is that they are somewhat more amenable
to detailed theoretical study than their supersonic
counterparts (e.g., Sasao 1973). If a set of objects similar
to the present cloud could be studied at sufficiently
high spatial resolution, an observational framework
capable of supporting theoretical work on compressible
turbulence through the poorly understood sonic
transition may be possible. Based on optical morphology
alone, we suspect that such clouds may be common:
compact, regular, bright-rimmed clouds such as the
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Thumbprint Nebula in Chamaeleon and the chain of
globules near « = 20"48™, § = 66° are but a few examples.

APPENDIX A
DISTANCE TO THE GLOBULE

Four techniques were utilized to estimate the globule’s distance, d. Using the Schmidt (1965) model together with
the cloud’s galactic coordinates and observed radial velocity leads to a kinematic distance (e.g., Lang 1974)

dkin =900(i400) pC, (Al)

assuming the Oort constant 4 = 15 km s~ ! kpc™!. The uncertainty given above is based solely upon a +5 km s~!
random cloud velocity along the line of sight (Sanders 1982). The failure of the Schmidt model beyond the solar
circle (e.g, Roberts 1972) and/or the presence of a significant noncircular velocity component imparted to the
globule in its formation are additional, potential systematic errors in equation (Al).

Recent large-scale CO surveys of the Milky Way suggest a molecular cloud scale height ~85 pc in the second
quadrant, with some hint that this depends inversely upon cloud mass (D. Sanders, private communication).
Assuming the globule to lie within two scale heights of the galactic plane then yields an upper limit to its distance,
using b = —10°, of

d, <980 pc . (A2)

Herbst and Sawyer (1981) recently recalibrated a distance estimation scheme for dark nebulae originally due to
Bok (e.g, Bok and McCarthy 1974). The technique is based upon the fact that the farther away an interstellar
cloud is, the larger the number of interposed foreground stars will be. Herbst and Sawyer find that the distance
to a completely opaque cloud of surface area a is related to the number of foreground stars seen on the blue POSS
print, ng, via

dy = 320[no(as/a)]*" pe (A3)

where as is the area of a 5" diameter circle.

Although the globule core is indeed opaque on the blue POSS print (but not on the red; cf. § III), its area is too
small to yield a meaningful distance. However, we have previously noted that the L1295 complex lies ~ 1° from the
globule and possesses a radial velocity less than 0.5 km s~ different from the latter. Given the extreme isolation
of both clouds, it seems reasonable to attribute a common distance to them. Visual inspection of L1295 on the
POSS O print revealed at least nine stars judged to be probable foreground objects. Using the measured value
(as/a) = 0.36 for the simply connected region searched then yields, using relation (A3),

dp(L1295) ~ 625* 138 pc, (A4)

where the uncertainty is due only to counting statistics.

Another technique for estimating distances to dark nebulae is described by Snell (1979, 1981). The method
exploits the fact that statistically, dark clouds appear to be segregated into more or less discrete layers with respect
to distance from the Sun (see Lynds 1968 for review); although the visual opacity in a given layer may exhibit
large fluctuations with position, layers can usually be traced over many square degrees. Given MK spectral types,
visual magnitudes, and measured (B— V') colors for an ensemble of stars in the vicinity of a cloud, one can ascertain
for each star the color excess Ez_, and distance, based upon the intrinsic color (B—V), and absolute magnitude
associated with its spectral type and luminosity class. A plot of Eg_, versus distance for stars in the vicinity of a
particular cloud can then be expected to show “steps” at one or more discrete distances, each step being associated
with an intervening cloud layer.
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Fi1G. 7.—Color excess vs. distance for stars in the vicinity of the globule. The selection criteria described in Appendix A were imposed on the
sample in order to inhibit confusion by relatively nearby sheets of obscuring material which lie closer to the galactic plane than the globule.
The discontinuity in color excess at about 700 pc marks the appearance of a layer of absorbing matter at, or somewhat closer than, this
distance.

There are two drawbacks to this technique. First, very large areas (Snell used 20° x 20°) must be employed because
MK spectral data and colors are available for a rather limited number of stars. Second, if several layers of
absorbing material are revealed by the analysis, to which (if any) does the cloud belong? This second issue is
particularly acute in the present case. The large-scale extinction in and above the galactic plane in the vicinity of the
globule has been studied by several workers (Baker and Nantkes 1944; Nantkes and Baker 1948; Heeschen 1951).
All three investigations found at least two extended absorbing sheets, one at 300-500 pc from the Sun, the other at
about 800 pc. Because the foregoing distance estimates are compatible with much greater values than 300 pc, it is
clear that if the closer layer does not extend to the depressed latitude of the globule (b ~ —10°), the inclusion of
stars with 0° < b < 10° will needlessly add confusion to the color excess versus distance correlation desired here.

The color excess method was therefore applied only to stars in the range 0"3™ <« < 1110™, 60° < § < 44°,
corresponding to a region approximately 11° x 16° in size; the declination cutoff at ~60° ensures that only stars at
b < —3° are included in the sample. Some 50 stars in this range for which spectral and color data are available
were found in the catalog of Kennedy and Buscombe (1974). Absolute magnitudes and intrinsic colors based upon
the tabulated spectral and luminosity classes were then obtained from the compilation of Schmidt-Kaler (1967).
The resulting Ep_, versus log d plot is shown in Figure 7. The presence of an absorbing layer at d < 600-700 pc is
clearly evident.

We therefore find a rough upper limit to the globule’s distance based upon the color excess method of

decg <700 pc . (AS5)

This value represents an upper limit because the sample of stars used in its derivation is too small to allow a
more precise location of the color excess discontinuity in the Ez_, versus d plot.

Of the four methods considered, only two—the foreground star and color excess approaches—provide results
refined enough to warrant use; the scale height and kinematic methods are, however, in accord with the other two.
Taken together, the foreground star and color excess approaches suggest d ~ 500-700 pc. We therefore adopt 600 pc
as the distance to the globule.

APPENDIX B
13C0O-4, RELATION

Here a method is developed to extract equivalent visual extinctions at each location in the globule where *CO
LTE column densities were obtained. The starting point is the correlation between these two quantities found by
Dickman (1978b) for a large sample of dark clouds. As pointed out by J. Keene (private communication), a more
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accurate CO dipole moment than that used by Dickman is available (0.11 versus 0.1 debye). This leads to a slightly
smaller (by ~25%) slope for the 4,-N,; relation:?

A, = 0.52[N3(LTE)/10*° cm~?] mag . (B1)

The maximum extinction for the globule obtained in this way, 1.7 mag at (0, 1), is in excellent agreement with
the average core extinction of 1.85 mag deduced from the star counts (§ IIIb). This strongly suggests that the
13CO-4, relation toward the central regions of the globule is typical of the sample studied by Dickman. It would
be inappropriate, however, to apply relation (B1) to the >509 of the globule area for which 4, < 1.5 mag, that is,
for which N;; < 2.9 x 10'% cm~2. This regime was not adequately sampled by Dickman, and it is expected that the
decreasing fractional abundance of COin the cloud envelope will lead to extinction underestimates if equation (B1) is
used.

To characterize the cloud envelope, we shall assume a quadratic relation between N,; and A, of the form

N3 = yA? for A4,<15, (B2)

where y is to be determined. Federman et al. (1980) have found a relation of this kind to apply in diffuse clouds
between CO column density and extinction (if a standard gas-to-extinction ratio is used). Although in general CO
and 3CO abundances are not proportional, owing to the action of isotopic fractionation (Watson, Anicich, and
Huntress 1976), they are approximately so in the interval of interest here, 0.1 < 4, < 1.5 (see especially Table 3 of
Federman et al.).

To fix the constant y, we impose the requirement that both equations (B1) and (B2) yield the same column
density at 4, = 1.5, so that y ~ 13 x 10> cm~2 mag~2. This approach seems preferable to directly scaling
Federman et al’s proportionality constant by their calculated (and highly fractionated) ~30:1 isotope ratio, for
two reasons. First, it requires only a generic similarity between the globule envelope and the diffuse clouds studied
by Federman et al.; the globule envelope may in fact be denser and cooler than typical diffuse clouds (cf. § IVe).
Second, it ensures continuity between the assumed behavior in the low-opacity regime and the observed '3CO-A4,
correlation at larger extinctions. We note that if one instead assumes Federman et al’s coefficient, corrected for
fractionation, to apply, agreement with relation (B1) is attained at 4, ~ 3 mag. This value is so high that the
agreement between the core-averaged extinction from the star counts and that derived using equation (B1) would
have to be regarded as fortuitous.

3 For direct conversions of N;3(LTE) to equivalent molecular hydrogen column densities, Dickman’s (1978b) result Ny, 5 x 10°N5(LTE)
may be used without significant modification. This is because the earlier work employed Ny,/A4, = 1.25 x 102! cm~? mag™* (Jenkins and Savage
1974), a value about 1.25 times larger than the most recent determination (Bohlin, Savage, and Drake 1978). The revision in the gas-to-extinction
ratio almost exactly compensates for the error resulting from use of the imprecise CO dipole moment.
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