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ABSTRACT

A survey in the C'®0 J = 2— 1 line toward Bok globules detected emission in 27 of them. Maps of the
C!80 line located maxima of column density within 34” of IRAS sources in 12 globules. Emission in the
H,CO Jg_,x, = 312 = 24, line was detected toward nine of these 12 globules, indicating high volume density.
Three of these sources have kinematic signatures consistent with collapse, as confirmed by detailed source
modeling. Uncertainties in the distances make a definitive judgment about collapse difficult at this time, but
we consider CB 244, CB 54, and CB 3 to be candidates for collapse. Among the three, CB 244 is the best
example of low-mass star formation; CB 54 has the least convincing evidence for collapse but is worthy of
further investigation; and CB 3 most likely represents intermediate-mass star formation.

Subject headings: ISM: globules — ISM: kinematics and dynamics — ISM: molecules

1. INTRODUCTION

The view that stars form via gravitational collapse of por-
tions of molecular clouds is widely accepted, but actual kine-
matic evidence of collapse is scarce. Theoretical models of
gravitational collapse, such as the inside-out collapse model
(Shu 1977; Shu, Adams, & Lizano 1987), make specific, testable
predictions about density and velocity fields in regions con-
taining collapsing protostars. It is important to test the predic-
tions of the collapse models, preferably in simple clouds, where
observations are easy to interpret. The study of simple clouds
is a good way to accumulate evidence for gravitational collapse
and is a prerequisite to understanding star formation in
complex, massive clouds, where the collapse signatures may be
obscured by other processes.

Bok globules are excellent laboratories for such a study.
They are relatively isolated molecular clouds, revealing them-
selves as roundish patches of enhanced visual extinction
against the background stellar distribution. Optical studies
using star-count techniques have indicated that some Bok
globules are centrally condensed (Schmidt 1975; Bok &
McCarthy 1974; Tomita, Saito, & Ohtani 1979), lending
support to the suggestion that globules are in the process of
gravitational collapse (see Bok & Reilly 1947; Bok 1948). Early
molecular-line studies of Bok globules (Dickman 1976;
Rickard et al. 1977; Martin & Barrett 1978) also have sug-
gested that some globules are unstable against gravitational
collapse (see Villere & Black 1980; Leung, Kutner, & Mead
1982). Direct evidence of ongoing star formation was first
found in the Bok globule B335, where Keene et al. (1983)
detected far-infrared continuum emission. More general evi-
dence for star formation in globules came from studies utilizing
the IRAS database (Clemens, Yun, & Heyer 1991; Yun &
Clemens 1990). In particular, Yun & Clemens (1990) studied a
sample of 248 Bok globules from a catalog by Clemens &
Barvainis (1988; hereafter CB) and found that about 23% of
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the globules had associated IRAS point sources. These IRAS
sources predominantly have colors and spectral energy dis-
tributions typical of embedded stellar or protostellar objects.
Furthermore, about 30% of the globules with IRAS point
sources were found to have CO outflows (Yun & Clemens
1992), confirming the star-forming activity in these simple
clouds.

Recently, Zhou et al. (1990, 1993, 1994a) have argued that
B335 exhibits the density and velocity structures predicted for
gravitational collapse. In particular, the profiles of several
molecular lines tracing dense gas were found to be consistent
with theoretical models of inside-out collapse (Shu 1977).
Interferometric observations of other lines and continuum
emission are also consistent with the collapse interpretation
(Chandler & Sargent 1993), as is a more self-consistent model-
ing of the line profiles (Choi et al. 1995).

It is important to learn if other Bok globules exhibit collapse
signatures. We selected a sample of globules with associated
IRAS sources and outflows found by Yun & Clemens (1990,
1992). We first located column density peaks in these globules,
using C'®0. Observations of H,CO toward peaks of column
density were then used to identify regions of high density and
line profiles characteristic of collapse.

1.1. Collapse Signatures

In an isothermal, quiescent, dense core, as depicted by
Lizano & Shu (1989), the turbulent velocity decreases as the
density increases. Hence, for a quiescent core with a centrally
peaked density distribution, the line broadening is smaller in
the center than in the outer region, consistent with the
observed relation between line width and size of cores (Fuller
& Myers 1992). As we probe into such a core on an increas-
ingly smaller scale, molecular lines should have a symmetric
velocity profile with a velocity width approaching the thermal
velocity.

In a dense core undergoing inside-out collapse, the radial
velocity depends on radius approximately as r %> (Shu 1977).
As we probe into a collapsing core on an increasingly smaller
scale, molecular lines should become broader. Zhou et al.
(1993) noted that, for optically thick lines, the profiles should
appear asymmetric, with stronger blue emission, and that the
degree of asymmetry should increase with the optical depth of
the line. This asymmetry is caused by the presence of two
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points with the same projected velocity along any line of sight
through the collapse region; as long as the molecular excita-
tion temperature is decreasing with radius in the region where
the velocity has a significant gradient, the blueshifted emission
is always stronger than the redshifted emission for lines with
substantial optical depth.

Lines with the properties just described can be formed in
other ways, such as via cloud collisions (Keto & Lattanzio
1989) or cloud rotation (Adelson & Leung 1988) or,
occasionally, in a general turbulent field (Falgarone et al.
1994). Observations of an optically thin line, as well as an
optically thick one, are necessary to distinguish these causes
from a possible collapse.

1.2. Selection of Tracers

Based on considerations of the collapse signatures, we chose
the Clso J = 2—’1 lil‘le and the HZCO JK—IKI = 312 _’211
line as our tracers. The lowest two transitions of C!'80 are
usually optically thin and easily detectable over a wide range of
physical conditions (Myers, Link, & Benson 1983; Zhou et al.
1994b); they trace column density even at modest densities. We
used the J = 2 — 1 line of C'®0 to map globules, in order to
locate regions of enhanced column density and measure their
general properties, such as the radial velocity, average velocity
width, column density distribution, and mass. In contrast, the
H,CO line is detectable only when high-density gas is present
and is usually optically thick in the inner part of a typical dense
core. Thus, H,CO is useful to distinguish whether the column
density enhancements traced by C'®0 are caused by density
enhancements or by path-length enhancements.

The two lines are at similar frequencies and can be observed
at the same telescope with similar beam sizes. C*®0 and H,CO
also have the same molecular weight and, hence, the same
amount of thermal line broadening. In quiescent cores, the
H,CO line should have the same velocity centroid and similar
or smaller line width than the C'80 line; in collapsing cores,
the H,CO line, arising from the inner, denser collapsing
regions, should be wider and asymmetric, with stronger blue-
shifted emission when viewed with adequate spatial and spec-
tral resolution. We will identify candidates for collapse based
on these spectral characteristics. The required resolution
depends on several factors. We used a Monte Carlo code (Choi
et al. 1995) to model the H,CO line from collapsing clouds.
With abundances large enough to make the line sufficiently
opaque, an asymmetry is clearly visible if the diameter of the
infall region is at least half the beam size. With a good signal-
to-noise ratio (greater than 10:1), a collapsing region with a
radius as small as one-quarter of the beam diameter can be
detected. For a typical distance of 600 pc (CB), our 30” beam
limits us to sources with infall radii of at least 0.02 pc. For an
effective sound speed such as that inferred for B335 (0.23 km
s~ 1), this radius would be reached in 9 x 10* yr, and a spectral
resolution of 0.2 km s~ is needed to resolve the two peaks.
This relatively advanced age implies that most candidates
would have substantial infrared emission from accretion onto
the forming stellar core.

2. OBSERVATIONS

2.1. Sample Selection

Because our primary goal was to find evidence of collapse in
simple molecular clouds, we chose a sample with the highest
likelihood of showing collapse, one with evidence of ongoing
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star formation. As a result, our sample is not representative of
all globules. However, a small number of globules without
evidence of star formation were chosen as a control sample.

Yun & Clemens (1992; hereafter YC) list 39 positions of
IRAS sources in 36 globules. The sources had been found
either in the Point Source Catalog (PSC) or by analysis of
IRAS co-added images. In addition, there is an IRAS source in
CB 68, though it was not listed by YC, yielding 40 possible
sources. We were able to observe 35 of these sources in 33
globules. All 14 outflow sources detected by YC were included
in our sample. Five globules without known IRAS sources
were chosen for the control sample. One (CB 12) was drawn
from the control sample of YC and the other four (CB 44, CB
82, CB 231, and CB 233) from Leung et al. (1982), who found
them to be unstable against gravitational collapse.

Table 1 lists the positions of 40 “targets,” consisting of 35
IRAS sources and five globules without IRAS sources.
Throughout this paper, CB source names will be used; other
common names, with “B” from Barnard’s catalog (1927), “L”
from Lynds’s Dark Nebula Catalog (Lynds 1962), and “ LBN”
from the Bright Nebula Catalog (Lynds 1965), can be found in
Table 1. For sources with IRAS emission, the (0, 0) positions
are the IRAS positions, taken either from the PSC or from the
analysis by YC of the IRAS co-added images. For globules
with no IRAS emission, the (0, 0) positions are approximately
the maxima of visual extinction determined from the Palomar
Observatory Sky Survey prints (CB).

2.2. Data Collection

The 10.4 m telescope of the Caltech Submillimeter Obser-
vatory (CSO),® on Mauna Kea, Hawaii, was used for all obser-
vations. The data were taken during observing runs in 1992
July, 1992 December, 1993 February, 1993 December, 1994
March, 1994 June, and 1995 March.

Observations were carried out in two stages. In the first
stage, sources were initially surveyed at their (0, 0) positions in
the C'%0 J=2-1 line (219.5603568 GHz; Winnewisser,
Winnewisser, & Winnewisser 1985), followed by C'®O
mapping to locate the emission peak. In the second stage,
observations toward the C'80 peaks were performed in the
H,CO Jg_ .k, = 31, = 2,4, line (225.697775 GHz; Lovas 1986).
For cores that were initially not detected in C*80 at the (0, 0)
position, we mapped the 3CO J =2 — 1 line (220.3986765
GHz; Winnewisser et al. 1985) to locate column density peaks.

The sources were observed by switching between the source
position and a reference position 10’ westward. Telescope
pointing was checked once every 2-3 hr each night by observ-
ing planets and found to be better than 6” (rms). The beam size
was 30" (FWHM) at 230 GHz.

The standard chopper-wheel calibration procedure (Penzias
& Burrus 1973) was used during the observations. The
resulting antenna temperature, T%, was corrected for atmo-
spheric opacity and antenna rear spillover and scattering. The
atmospheric opacity at 225 GHz toward the zenith ranged
from 0.05 to 0.2 during these observations. The telescope main-
beam efficiency (n,,,) at the time of the observations, 0.71
(Mangum 1993), can be used to convert T% to main-beam
radiation temperature, T, = T%/n,.,. For a source that uni-
formly fills the main diffraction beam, T, is equivalent to Ty,
in the notation of Kutner & Ulich (1981), if there is no signifi-

¢ The CSO is operated by the California Institute of Technology under
funding from the National Science Foundation, contract AST 90-15755.
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TABLE 1
Bok GLOBULE PosiTiONs FOR C'%0 SURVEY

Other RA. Decl. Upsr IRAS
Source Names (1950) (1950) (km s~ Point Source? (Y/N)
CB3 .......... LBN 594 00"25™59° 56°25'32" —384 Y?
CB6 .......... LBN 613 00 46 34 50 28 25 —124 Y
CB12......... 01 35 05 64 50 00 —114 N
CB13......... L1345 01 53 16 62 3136 359 Y
CB28 ......... LBN 923 05 03 45 —04 02 58 8.5 Y
CB29......... 0519 28 —03 4326 11.2 Y
CB30......... 05 26 52 05 3815 —0.1 Y
CB32......... LBN 921 05 33 48 —00 1905 -50 Y
CB34........ 05 44 03 20 5907 0.5 Y?
CB39......... 05 59 06 16 3058 24 Y?
CB4........ B227, L1570 06 04 34 19 28 19 -03 N
CB50......... 06 31 36 07 49 10 1.0 Y
CBS2......... 06 46 25 —16 5038 16.8 Y
CBS5......... LBN 1042 07 02 06 —16 1847 19.7 Y?
CB 58-1....... 07 15 56 —232936 15.1 Y
CB 58-2....... 07 16 09 —23 3611 15.1 Y
CB68 ......... L146 16 54 24 —16 0445 5.5 Y
CB8I ......... L1774 1719 19 —27 0520 3.7 Y?
CBS82......... B68, L55 1719 34 —23 4745 34 N
CB142........ 18 27 10 —13 4251 18.6 Y
CB170........ B127, L544 18 58 44 —053340 10.2 Y
CB171........ B128 18 59 12 —04 3817 16.7 Y
CB175........ B129, L549 18 59 20 —05 2238 10.0 Y
CB 180........ B133, L531 19 03 35 —06 56 38 11.6 Y
CB188........ 19 17 57 11 3018 6.8 Y?
CB203........ 19 41 42 18 5827 14.6 Y
CB20s........ L810 19 43 22 27 4401 15.3 Y?
CB 206........ L758 19 44 23 18 5749 15.2 Y
CB214........ L814 20 01 54 26 2942 9.1 Y?
CB216........ L797 20 03 45 23 1825 12.5 Y?
CB217........ L863 20 05 55 36 48 14 —-21 Y®
CB230........ L1177 21 16 55 68 04 52 2.7 Y?
CB231........ B157 2132 18 54 28 06 6.5 N
CB232........ B158 2135 14 43 0705 12.5 Y?
CB233........ B161 2139 00 57 3426 —-0.8 N
CB 240-1...... L1192 22 31 46 58 1626 -39 Y
CB 240-2...... 22 32 08 58 1828 -39 Y
CB243........ L1246 2322 53 63 2004 —113 Y
CB244........ L1262 2323 49 74 01 08 42 Y?
CB247........ L1263 23 55 04 64 30 10 -37 Y*

* Outflow sources detected by Yun & Clemens 1992.

cant coupling of the sidelobes to the source. Most of the
sources are more extended in the C180 maps than the size of
the main diffraction beam and the nearest sidelobes; thus,
using T, likely overestimates Ty. The efficiency correction for
telescope forward spillover and scattering, 7., measured on
the Moon, is 17% larger than #,,, (1¢,; = 0.83; Mangum 1993),
so the overestimation should be less than 20% for these
globules. The facility’s 230 GHz SIS receiver operated in
double-sideband mode. Considering all sources of uncer-
tainties, including uncertainties in the sideband gain ratio, an
overall uncertainty of 20% for T, is likely.

The back end was an acousto-optic spectrometer (AOS) with
1024 channels operating over a bandwidth of 50 MHz. The
data were smoothed by two channels, with a resultant channel
separation of 97 kHz, or 0.13 km s~ !. The FWHM velocity
resolution was measured by injection of a monofrequency
signal at the AOS input and found to be 153 + 10 kHz
(0.20 + 0.02 km s~ ') in 1994 June, 137 + 20 kHz (0.18 + 0.03
km s™!) in 1995 March, and 127 + 17 kHz (0.17 + 0.02 km
s~ ') on all other runs. Typical rms noise after smoothing was
0.1Kin T%.

For the data taken between 1993 February and 1994 March,
there were shifts of 0.1-0.3 km s™! in line centroids between

spectra taken toward the same position on different nights (see
also Zhou et al. 1994b). There were no velocity shifts larger
than one AOS resolution element among spectra taken on the
same night. More than half of the data presented in this paper
were obtained in 1992 July and were not obviously affected by
this uncertainty in velocity. The source of the velocity shifts has
not been fully determined, but the most likely source is inade-
quate accuracy in the program used to calculate Doppler shifts
due to the Earth’s motion and send frequencies to a synthe-
sizer. This problem was solved for the 1995 March run, when
spectra were obtained for CB 54.

3. RESULTS

3.1. C'80 Survey

Of the 40 targets in the sample, 27 (70%) were detected at 3 ¢
or better in the C'%0 line; there were also three marginal
detections (~3 o). Four of the five globules in the control
sample were detected. The upper limits toward the remaining
10 targets are typically 0.2 K (2 ¢). We mapped 26 of the
detected globules, including all sources with T% = 0.5 K, over
at least nine positions, with 30” spacing; we were able to locate
C*'80 emission maxima in 20 globules, including 18 with IRAS
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sources and two without IRAS sources (CB 12 and CB 82).
Parameters of the C'80 J = 2 — 1 line at the positions of the
peaks of T% are summarized in Table 2, including the position
offsets (Aa and Ad) of the peaks from the positions in Table 1.
The peak T%, line velocity, intrinsic FWHM line width
(corrected for instrumental broadening), integrated line inten-
sity, and rms noise, all listed in Table 2, were determined from
Gaussian line fits. The uncertainties from the fits are given in
parentheses. Upper limits (2 o) are given for the 10 globules
that were not clearly detected, nine of which contained an
IRAS source. Four of these nine IRAS sources were detected
only in co-added images; all five that appear in the PSC have
cirrus flags high enough to cause concern. For example, the
CIRRI1 flags range from 5 to 9, where values exceeding 3 indi-
cate possible problems (Beichman et al. 1987). These sources
may not be self-luminous, though one (CB 39) is associated
with an outflow and a near-infrared source (Yun 1993).

Four globules not detected in C*80 were mapped in the
J = 2 - 1line of !3CO to ascertain whether there was a nearby
peak. One (CB 13) was not detected in 3COj; the other three

were reobserved in C*20 at the 13CO peak but not detected. In
addition, two sources with weak C!%0 detections were
observed in 13CO. These sources are discussed in § 4.1.

3.2. C'®80 Maps

For the 12 sources in which the C'80 maps extended to the
half-maximum of the local peaks in the integrated intensity,
Figures la—1f show the integrated intensity maps, with the
locations of IRAS sources marked as filled squares. Eleven of
these 12 globules have well-defined spatial peaks in their C**O
distributions. Five of them have a single, dominant peak. CB
82, a globule from the control sample, is the only mapped
globule with no well-defined spatial peak in the C'30 emis-
sion, although it appears rather compact and opaque in the
optical.

Given the 30" spacing and beam size of the C*#0 maps and
the uncertainties in the IRAS positions (typically 15”), we con-
sider the source to be associated with the C'8QO peak if the two
coincide within 34", the quadrature sum of the two uncer-
tainties. Of the 18 mapped globules with clear peaks and IRAS

TABLE 2
C'80 J =2 — 1 RESULTS

Av® rms
Number of Peak® T% Visr (FWHM) T%dv Noise Ny,
Source Points Position (K) (kms™h (kms™1) (Kkms™Y) (K) (10%! cm™?)

CB3 .......... 32 (—30", 0" 24 —38.5(0.01) 1.6(0.03) 4.1(0.07) 0.09 29
CB6 .......... 15 0, 0) 1.3 —12.4(0.01) 0.6(0.03) 0.8(0.03) 0.07 5.8
CB12......... 9 (. 0) 19  —114001)  09(0.03) 1.8(0.05) 0.1 12
CB13......... 1 0, 0) <0.2 0.1
CB28......... 3 (—30, 90) 04 8.5(0.09) 1.4(0.19) 0.6(0.07) 0.1 39
CB29......... 10 (90, 0) <0.2 0.1
CB30......... 9 (©, 0) <0.1 0.05
CB32......... 13 (120, —30) 1.1 —5.0(0.01) 0.7(0.03) 0.9(0.03) 0.07 5.5
CB34......... 14 0, 0) 0.6 0.5(0.04) 1.5(0.08) 1.0(0.05) 0.07 9.9
CB39......... 9 0, 0) <0.2 0.07
CB4......... 9 (—30, 30) 0.7 —0.3(0.05) 0.8(0.10) 0.6(0.08) 0.1 52
CBSO......... 9 (30, 30) 0.3 09(004)  0.5(0.12) 0.1(0.03) 0.06 30
CB52......... 9 0, 0) 0.5 16.8(0.06) 1.0(0.12) 0.6(0.06) 0.1 4.6
CBS4......... 18 (, 0) 16 19.6001)  1.4(0.03) 2.5(0.05) 0.06 17
CB 58-1....... 1 0, 0) <04 0.2
CB582....... 8 ©, 0) 12 15.1003)  0.9(0.08) 1.2(0.09) 02 79
CB6S......... 36 (60, 0) 1.1 52(002)  0.8(0.03) 0.9(0.04) 0.1 6.0
CBSI....... 9 ©, =30) ~03 37005  0.3(0.09) 0.1(0.03) 0.1 29
CB82......... 25 (60, 0) 1.0 3.4(0.02) 0.4(0.06) 0.4(0.05) 0.1 38
CB142........ 9 (—30, —30) 04 18.6(0.06) 0.7(0.17) 0.3(0.05) 0.08 38
CB170........ 9 ©, 0) 04 10.2(0.04) 0.3(0.11) 0.1(0.03) 0.1 34
CBI171........ 9 0, 0) <02 0.1
CB175........ 1 0, 0) ~03 10.0(0.05) 0.4(0.20) 0.2(0.05) 0.1 38
CB180........ 1 (0, 0) 04 11.6(0.06) 0.7(0.13) 0.3(0.05) 0.1 38
CB18S........ 20 (30, 0) 09 6.80.04)  1.0(0.09) 0.7(0.06) 0.1 60
CB203........ 9 @30, =300 <02 14.400.04) 0.1(0.03) 0.1 .
CB20s........ 25 0, —30) 1.1 15.3(0.04) 2.3(0.10) 2.7(0.09) 0.1 17
CB206........ 1 0, 0) <0.2 0.1
CB2l4........ 1 (0, 0) 04 9.1(0.06)  0.6(0.16) 0.3(0.05) 0.1 43
CB216........ 14 0, —30) 13 12.5(0.02) 1.1(0.06) 1.6(0.06) 0.1 14
CB217........ 9 (=30, —30) 06  —21004)  03(0.10) 0.2(0.05) 0.1 38
CB230........ 15 0, 0) 12 2.7(0.01) 0.8(0.03) 0.8(0.03) 0.05 84
CB231........ 1 0, 0) <0.2 6.5 04 0.1 0.1 .
CB232........ 39 0, 0) 0.8 12.4(0.03) 1.0(0.04) 0.9(0.02) 0.05 6.7
CB233........ 1 ©, 0) 04 —0.8(0.03) 0.5(0.08) 0.2(0.03) 0.06 38
CB 240-1...... 1 ©, 0) 04  —39004  03(0.09) 0.1(0.03) 0.1 32
CB 240-2...... 1 ©, 0) <0.2 0.08
CB243........ 1 0, 0) 0.5 —11.4(0.06) 0.9(0.13) 0.5(0.06) 0.1 38
CB244........ 39 ©, 0) 17 410001)  0.7(0.02) 1.3(0.02) 0.07 9.2
CB247........ 5 ©, 0) ~0.2 —4.0(0.10) 1.0(0.17) 0.2(0.03) 0.07 38

® Offsets of local peaks in arcseconds.

® An instrumental broadening of 0.15 km s~ ! has been removed from the observed line width.
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sources, 12 meet this criterion, four peaks are more than 60"
from the nearest IRAS source, and two peaks lie between 34"
and 60” from the nearest IRAS source.

3.3. H,CO 3,, -2, Survey

We detected the H,CO 3,, — 2,, line toward peaks of the
C!%0 J = 2 - 1 emission in nine of the 12 globules with IRAS
sources within 34” and toward two of the three peaks in
globules without a nearby IRAS source (see Table 3). Figure 2
shows the H,CO and C!®0 line profiles. The line widths of the
H,CO line are significantly wider than those of the C*2O line
in three globules (CB 3, CB 54, and CB 244). In profiles with
two velocity peaks (e.g, CB 3 and CB 244), the line width
refers to the best-fit Gaussian profile, which usually ignores the
narrow peaks. The line widths of the H,CO lines are much
narrower (and less than or equal to the width of the C'80
lines) at positions displaced from the peak for these three
globules (Figs. 2a-2c¢).

4. PHYSICAL PARAMETERS

In this section, we discuss the physical parameters of the
cloud cores based on an analysis of the C*®0 and H,CO
observations. The C'®0 data were used to derive the column
density, mass, and mean density. The H,CO line strength was
used to constrain the volume density.

4.1. Column Density

The C*®0 column density was calculated from the expres-
sion (see Choi, Evans, & Jaffe 1993)

N(C'®0) = 9.91 x 10'* cm ™2

f T,.,(C'80)dv Taq )
D(n, Ty) 1—exp(—13)°
where | T,,,(C'®0)dv is the integrated intensity of the C'*O

J =2-1 line in units of K km s~ 7,, is the peak optical
depth of the line, and D(n, Ty) is given by

D(n, T) = fi J(T,) — J(T)I(1 — e 1O3/Ter) . @

J(T) is the Planck function in temperature units, f; is the
fraction of the total abundance found in the J = 1 level, T, is
the excitation temperature, and T, (=2.8 K) is the temperature
of the cosmic background.

The optical depth, t,,, was estimated from the ratio of the
line temperatures of the 12CO J = 2 — 1 (taken from CB) and
C'80 J = 2 - 1 lines by assuming that the *2CO line is com-
pletely opaque and has the same excitation temperature as the
C!80 line. The calculated 7,, ranges from $0.04 to 0.8. The
fact that the '2CO J = 2 — 1 line was observed using a differ-
ent telescope (70” beam) is unlikely to cause serious errors in
75, since 12CO J = 2 — 1 emission is likely to be much more
extended than the C'80 emission, so the correction due to
different source couplings is small. The main uncertainty in 7,
arises from the assumption of equal excitation temperatures.
However, since most clouds in our sample are only moderately
opaque in C'®0, with 7 < 0.4, the correction for column den-
sity due to line opacity (the last term in eq. [1]) is insignificant
(520%) for most globules. ‘

The unknowns in D(n, Ty) are f; and T,,, which both depend
on density (n) and temperature (Tg). The usual assumptions
made to derive column density (collectively known as the LTE
approximation) are that the density is large enough to allow
radiative decays from all levels to be neglected, that the tem-
perature in the region forming the C*#O line can be calculated
from the 12CO line, and that the temperature is much greater
than hB/k, where B is the rotation constant. The LTE approx-
imation can be in error in a number of ways: it overestimates
the column density for hot gas at modest density (Choi et al.
1993); for cold gas, it underestimates the column density (Zhou
et al. 1994b). To check the LTE assumption, we made sta-

TABLE 3
H,CO 3,, = 2,, REsuLTS

ms

T* Noise Visk Av T% (H,CO) Av (H,CO)
Source Offset (K) (K) (km s™?) (km s™1) T% (C'®%0) Av (C'80)
Cores with IRAS Point Sources
CB3........ (=307, 0" 0.34* 0.04 —38.6(0.08) 8.37(0.22) 0.14(0.02) 5.2(0.17)
(0, 60) 0.16 0.04 —38.1(0.04) 0.5(0.09) 0.07(0.02) 0.4(0.10)
CB6........ ©, 0) 0.07 0.02 —12.3(0.02) 0.8(0.23) 0.05(0.02) 1.3(0.39)
CB34....... ©, 0 0.30 0.07 0.4(0.03) 1.5(0.08) 0.5(0.13) 1.0(0.07)
CBS52....... 0,0 <0.1 0.05
CB54....... ©, 0) 0.68 0.03 19.4(0.03) 2.5(0.07) 0.4(0.03) 1.8(0.06)
0, —60) 0.16 0.05 19.9(0.05) 0.5(0.1) 0.2(0.07) 0.4(0.1)
CB68....... (60, 0) 0.24 0.02 5.1(0.02) 0.4(0.05) 0.2(0.02) 0.5(0.07)
CB 188...... (—30, —30) <0.06 0.02
CB 205...... 0, —30) 0.08 0.02 15.9(0.10) 1.5(0.29) 0.07(0.02) 0.7(0.13)
CB 216...... (0, —30) <0.05 0.02
CB 230...... 0, 0) 0.36 0.03 2.8(0.01) 0.7(0.04) 0.3(0.03) 0.9(0.06)
CB232...... ©, 0 014 0.02 12.6(0.05) 1.2(0.19)° 0.17(0.03) 1.2(0.20)
CB244...... , 0) 0.27 0.02 4.2(0.04) 1.9(0.09) 0.16(0.01) 2.7(0.15)
(—150, 90) 0.19 0.05 4.3(0.04) 0.5(0.12) 0.12(0.03) 0.9(0.19)
Cores without IRAS Point Sources
CB12....... 07,0 0.13 0.03 —11.4(0.06) 0.7(0.12) 0.07(0.02) 0.8(0.14)
CB32....... (120, —30) <0.1 0.04
CBS82....... (60, 0) 0.08 0.02 3.5(0.04) 0.3(0.10) 0.08(0.02) 0.8(0.27)

* The Gaussian fit includes, but mostly ignores, the narrow blue peak.

® The Gaussian fit excludes the red shoulder.
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FiG. 2—Profiles of the H,CO J = 3;, 2, and C'30 J = 2 — 1 lines in all the globules with H,CO detections. The temperature scales are in T% units. (a)
CB 3 spectra at the peak of C*80 emission (— 30, 0) and at a position well away from the peak (0, 60). (b) CB 54 spectra toward the peak (0, 0) and well away from the
peak (0, —60). (c) CB 244 spectra toward the peak (0, 0) and well away from the peak (— 150, 90). (d) CB 12, CB 82, and CB 6 spectra toward the peaks. (¢) CB 54, CB
34, and CB 230 spectra toward the peaks. (/) CB 68, CB 205, and CB 232 spectra toward the peaks.

tistical equilibrium calculations using both the large velocity
gradient (LVG) model (de Jong, Chu, & Dalgarno 1975) and a
microturbulent model using a Monte Carlo code (Choi et al.
1995). The results indicate that the LTE method always under-
estimates the column density for finite density and tem-
peratures in the range found for these globules (Tx = 10.6
+ 2.7 K) from the data of CB. However, for the typical den-

sities derived later in the paper (n = 10* cm™3), the effect is
small (about 6%). Consequently, we used the LTE approx-
imation to D(n, Ty); we set T,, = Ty and

3 k hB
fi=ge B Z = (TK + ﬁ) : 3)

The derived C'®*0O column densities span a range from
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8 x 102 cm~2to 5 x 10'> cm~2. The corresponding range of
visual extinction is 3-30 mag, obtained from the relations
between C'80 column density and visual extinction derived by
Frerking, Langer, & Wilson (1982): 4, = 5.88 x 1015 N(C'%0)
+13 for A, >4, and A4, = 1.42 x 107 *N(C'%0) + 1.9
for A, <4. The range of A, is less than that of the C'30
column density because the relationship between A4, and
N(C'80) changes for 4, < 4 mag and because of a constant

Ay term in the relationship. The nature of the different
relationships causes a substantial number of globules to
appear to have the same A, (4 mag). From the derived 4, and
the relation Ny, = 9.4 x 10?°4,,, we calculated the H, column
densities listed in Table 2. Similar relations between A4, and
N(C'®0) were found by Cernicharo & Guélin (1987) [ ~30%
lower A, for the same N(C'®0)] and by Nozawa et al. (1991),
who found a larger constant A, term. The differences between
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authors are small except at low A4,, where they are all very
uncertain.

Values of Ny, less than 5 x 10?! ¢cm~2 should be viewed
with caution, since they correspond to the 4, near the change
in relationships from Frerking et al. (1982). Furthermore, the
globules without C'80 detections raise questions about the
use of C'®0 to estimate 4,. The ratio of T* for *3CO/C20O
exceeds 18 for some globules, much greater than the terrestrial

isotopic ratio of 5.6. Turner (1994a) has also found high ratios
in some globules without infrared sources; he found that
isotope-selective photodissociation and fractionation of 3C
(see van Dishoeck & Black 1988) could explain most of his
results. If a similar explanation applies to the globules with
high ratios in our sample, then some of the low column den-
sities in Table 2 will be underestimations. However, globules
with C'80 lines strong enough to map are unlikely to have low
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C!80/!3CO ratios (see Table 1 of Turner 1994a), so the masses
and mean densities computed in the following sections are
probably not strongly affected.

42. Mass

For sources mapped in the C'80 J =2 —1 line beyond
their half-maximum intensities, the masses (denoted M) were
estimated from the column densities as

My = pumy Ny, AQd? , )

where AQ = (n/4)A0, AB,, where Af, and Af, are the decon-
volved, FWHM sizes along the major and minor axes (Table
4), and d is the distance.

Mass was also estimated using the virial theorem:

5A0vZ,. d
) g

where A0 = /A8, AO,, v,,,, = Av/2.35, and Av is the FWHM
line width, measured at quiescent positions located away from
the emission peaks.

The distances to most of the globules in the sample are
unknown. CB argued that the distances to most of the globules
should be less than 1 kpc and suggested a mean distance of 600
pc. A nominal distance of 600 pc was assumed for all globules
except CB 3 (Scappini, Caselli, & Palumbo 1991) and CB 205
(L810) (Turner 1986; Xie & Goldsmith 1990), for which we
adopted distances of 2.5 kpc, and CB 244 (L1262), for which we
adopted a distance of 200 pc (Myers et al. 1983). Since My oc d?
and M, oc d, M, is probably more reliable.

Table 4 presents the sizes and masses; note that three
globules (CB 6, CB 34, and CB 52) with H,CO data in Table 3
do not appear in Table 4 because the C*®*0O maps do not
extend beyond the half-maximum contour. The derived masses
(M) range from 0.8 to 7 M, leaving aside CB 3 and CB 205,
which have much larger masses (M, =67 and 117 M,
respectively).

My
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4.3. Volume Density

The gas volume density was estimated with two methods: (1)
division of the H, column density by the mean size of the C120
J =2 — 1 emission region; and (2) an excitation analysis of the
H,CO line. An average gas density ((n)) along the line of sight
is obtained using the first method, while H,CO excitation
analysis returns a volume density (n) characteristic of the
region giving rise to the H,CO emission. The latter will usually
exceed the former if there are density variations along the line
of sight.

The quantity <{n) is given by

(ny = N

Abd ©)

The quantity n was estimated from models of the excitation of
H,CO by use of an LVG code. The kinetic temperature for
each globule was derived from the '2CO J = 2 — 1 line inten-
sity taken from CB. Since the C'80 column density along the
line of sight is already constrained by the integrated C'80 line
intensity, the H,CO column density was calculated by
assuming an H,CO-to-C!80 abundance ratio. Given the
kinetic temperature and the H,CO column density, the
remaining variable (n) was found by matching the model and
observed H,CO line strengths. Turner (1994b) studied a
sample of 27 CB globules in the 2 cm and 6 cm K-doublet lines
and the J = 2 — 1 line of H,CO; he found X(H,CO)/X(C'20)
ranging from 1 x 1072 to 7 x 10~ 2, Using this range of the
abundance ratio, we derived a range of volume densities, n.
Note that the density derived through excitation analysis is
independent of the distance of the globules but that derived
from C'80 is proportional tod *.

The average density (see Table 4) ranges from 7 x 103 to
7 x 10* cm ™3, while the H,CO-traced density ranges from
1.5 x 10* to 2.2 x 10% cm~3. The large range in the H,CO-
traced density for an individual source reflects the large range
of possible X(H,CO)/X(C'80) values. A second transition of

TABLE 4
DERIVED PROPERTIES OF CORES WITH H,CO OBSERVATIONS
My M, {n)? n°

Source Size® Mg)  (Mg) (cm™3) (cm™3)
CB3............ 95" x 40" 230 67 1.3 x 10* 1.8 x 105-1.7 x 10°
CB12........... 30 x 30 13 25 49 x 10* 1.5 x 10*-1.1 x 10°
CB32........... 55 x 50 1.9 2.6 1.2 x 10* <2.6 x 10*-1.8 x 10°
CB54........... 30 x 30 18 69 6.0 x 10* 2.3 x 10°-2.2 x 10°
CB68........... 120 x 45 3.9 48 9.1 x 10° 3.6 x 10*-2.5 x 10°
CB82........... 120 x 30 1.6 10 70x10° 2.6 x 10*-1.8 x 10°
CB 188.......... 75 x 30 1.6 49 14 x 10* <40 x 10*-2.3 x 10°
CB205.......... 60 x 45 98 117 8.9 x 10° 1.8 x 10*-1.3 x 10°
CB216.......... 40 x 30 20 43 44 x10* <1.3 x 10*-9.1 x 10*
CB 230.......... 80 x 40 33 3.7 1.7 x 10* 6.9 x 10°-5.4 x 10°
CB 232IR*...... 70 x 45 25 5.8 1.3 x 10* 8.5 x 10*-5.5 x 10°
CB 244IR4...... 50 x 40 0.3 08 69 x 10* 1.3 x 10°-1.0 x 10°

Ave 67 x 37 20 37 43 4.8-5.6

SD*........... 33x8 1.0 200 04 0.3-0.5

* FWHM major and minor axis deconvolved from the observed size, with the assumption
of a 30” beam.

b Average volume density derived from column density and size, with the assumption of a
distance of 600 pc, except for CB 3 (2.5 kpc), CB 205 (2.5 kpc), and CB 244 (200 pc).

¢ Volume density range derived from excitation analysis of H,CO.

4 The cores associated with IRAS point sources were separated from the rest of the clouds
to determine the sizes and other parameters.

¢ Averages and standard deviations excluding CB 3 and CB 205; for densities we give the
mean and standard deviation of the logarithm of the density.
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H,CO is needed to improve our knowledge of n. The logarith-
mic average of (n) is 2 x 10* cm ™3, with a 1 ¢ dispersion of a
factor of 2, for the sources in Table 4.

4.4. Source Properties

In this section, we compare the properties of globules with
IRAS sources to those in the control sample. Because distances
to the globules in this sample are mostly unknown, we will
focus on quantities which are relatively insensitive to distance:
peak antenna temperature (T%), FWHM velocity width (Av),
aspect ratio for the mapped sources (long dimension over short
dimension), and H, column density (Ny,). Note that these
quantities are only insensitive to distance if the source is well
resolved, as is the case in this study. However, very distant
sources that are well resolved will be selectively larger, and the
line width-size relation may then introduce a weak distance
dependence into the line width, since the line width of more
distant sources will be averaged over a larger region.

The mean and standard deviation of the mean for T% are
0.88 + 0.11 K for the 23 cores with IRAS sources, indistin-
guishable from the mean of 1.0 & 0.33 K for the four globules
in the control sample. The mean line width is slightly larger for
the cores with TRAS sources: 0.88 + 0.10 km s~ ! versus
0.65 + 0.12 km s~ ! for the control sample. The mean aspect
ratio is 1.7 + 0.2 for the 10 mapped cores with IRAS sources,
marginally smaller than the mean value of 2.5 + 1.5 for the two
mapped cores without IRAS sources. The mean column
density of H, is (6.9 + 1.2) x 102! cm~?2 for the 23 globules
with IRAS sources, indistinguishable from the mean of
(6.2 + 2.0) x 102! cm ™2 for the four globules without sources.
In this sample, the presence of an IRAS source is not heralded
by any other obvious change in properties.

The presence of an outflow seems more significant. Of those
globules that YC searched for outflows, there are 13 C'®0
detections in sources with outflows and 13 C'80 detections in
sources without outflows. The mean T% in sources with out-
flows is 1.0 + 0.17 K, versus 0.73 + 0.13 K for those without
outflows; in addition, eight sources without outflows were not
detected in C'80, while only one source with an outflow was
not detected. The mean line width is 1.05 + 0.16 km s~ ' in
sources with outflows, somewhat larger than the mean of
0.72 + 0.08 in sources without outflows. The resulting mean
Ny, = (102 £ 2.1) x 10** cm™? in sources with outflows,
versus (5.0 + 0.65) x 102! cm~2 in sources without outflows.
The mean aspect ratio of the eight mapped sources with out-
flows is 1.68 & 0.20, indistinguishable from the mean of
1.59 + 0.54 for the sources without outflows.

It would be interesting to compare these properties to those
of cores in larger complexes, such as Taurus, but it only makes
sense to compare properties determined from the same tran-
sition, since properties vary considerably with the molecule
and transition. The only survey of Taurus cores in the C*20O
J =21 line that we could find was that of Zhou et al.
(1994b), but one of the selection criteria used by that survey
was that the sources be relatively isolated. Consequently, we
found comparison to that sample to be of dubious significance.

S. COLLAPSE CANDIDATES

In this section, we identify collapse candidates based on (1)
the location of the IRAS source relative to the C*®O emission
peaks and the nature of the IRAS emission, (2) a comparison of
the widths of C!'80 and H,CO lines, and (3) the shapes of the
H,CO lines. For the identified candidates, we also compare

Vol. 454

column density distributions with the distributions predicted
from theoretical models of collapse.

5.1. Coincidence with an IRAS Source

For a core containing a collapsing protostar, the IRAS emis-
sion should come from the local peak of column density.
Hence, the first condition for a collapse candidate is the coin-
cidence of the IRAS source position with a C'8Q emission
peak. In addition, IRAS sources with spectral energy distribu-
tions rising with wavelength into the far-infrared are more
likely to be collapsing protostars than those with flat spectral
energy distributions (Shu et al. 1987).

Of the 12 IRAS sources located within 34" of the C'30
emission peaks (§ 3.2), eight have stronger emission at 25 ym
than at 12 um (YC), suggestive of a heavily embedded object.
In contrast, all six IRAS sources separated by more than 34"
have less emission at 25 ym than at 12 um; these are unlikely to
represent the current episode of star formation.

5.2. Quiescent Cores versus Active Cores

As discussed in § 1, a collapsing core should have an H,CO
line that is wider than its C'80O line. Because increased turbu-
lence in the denser regions could also produce the wider line,
we use this criterion only to separate active cores, which
include collapsing cores, from quiescent cores. We define an
active core as one with Ap(H,CO)/Av(C!80) > 1 + g,, where
o, is the uncertainty in the line width ratio.

In our sample, the ratios of H,CO and C*20O line widths (see
Table 3) vary from 0.5 (CB 68) to 5.2 (CB 3). Figure 3 plots the
H,CO/C*30 intensity ratio versus the line width ratio for 11
dense cores with H,CO detections. Three cores (CB 3, CB 54,
and CB 244) are clearly active; they all have IRAS sources
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0 o b b bea o b L
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FiG. 3.—Ratios of line intensities and line widths of the H,CO and C'®0
lines. Line parameters were derived from Gaussian fits to the profiles. Error
bars were determined from the uncertainties in the Gaussian fits. The two
circles represent CB 12 and CB 82, two globules without IRAS sources.
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FIG. 4—Model and observed profiles of H,CO and the C'®O lines, nor-
malized to unity at the peak, in (a) CB 244, (b) CB 54, and (c) CB 3. The H,CO
line is plotted with a heavy line, and the C'®O line is plotted with a light line.
The top panel of each figure shows the model line profiles (calculated with the
parameters in Table 5), while the bottom panel shows the observations on the
same velocity scale. The profiles for CB 54 were taken in 1995 March, when the
velocity scale was more certain.
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within 34” of the C'®0 emission peak. The increased line width
ratio is not caused by narrower C*80 lines. The intrinsic C'®0
line width of the overall globule sample has an average value of
0.8 + 0.5 km s, typical of low-mass dark clouds (Fuller &
Myers 1993), while the line width for the three globules classi-
fied as dynamically active coresis 1.3 + 0.5kms™!.

In the three active cores, H,CO was also observed toward
positions away from the C'®0 emission peak and IRAS
source. At the offset positions, the H,CO line width is similar
to or less than the C'80 line width, indicating no “activity ”
(see Figs. 2a—2c). Thus, the activity appears to be limited to a
central region, a characteristic consistent with predictions of
the inside-out collapse model.

5.3. Line Profiles

The last collapse criterion is that the line profiles must be
consistent with those predicted for collapse. In particular, the
H,CO line in collapsing cores should appear asymmetric, with
stronger blueshifted emission. The line profiles for the three
active cores have the qualitative behavior expected for collapse
(Fig. 4). For CB 3 and CB 244, the H,CO spectra are double-
peaked, with a stronger blue peak. For CB 54, the H,CO
spectrum is not double-peaked, but it is shifted to the blue (Fig.
4b); these CB 54 spectra were taken in 1995 March, when the
more accurate frequencies were being calculated (see § 2.2).

A quantatitive comparison to the theory requires detailed
modeling of the line profiles from a collapsing cloud. A Monte
Carlo radiative transfer code and a beam convolution code
(Choi et al. 1995) were used to produce model line profiles. The
density and velocity fields were specified by the inside-out
collapse model (Shu 1977). The temperature distribution was
calculated by assuming that the gas kinetic temperature (Ty) is
equal to the dust temperature (Tp) and that Ty(r) = Tp(ro)
(r/ro)”%*, where r, is the outer radius of the model and
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Tp(ro) was set by scaling the output of dust radiative transport
models by I°2 (see, e.g., Doty & Leung 1994). The temperature
law is a good approximation to the temperature in most of the
region where the lines form, but once Ty(r) drops below 10 K,
Ti(r) was set equal to 10 K to account for cosmic-ray heating in
the low-density envelope (see Zhou et al. 1990 and Carr et al.
1995 for further discussion). The source luminosities were
found by integrating the IRAS data and assuming a distance.
For CB 54, the distance was assumed to be 600 pc; for the
other two sources, we used the estimated distances in Table 5
(see § 4.2). The effective sound speeds (a.) for the three cores
were determined from the C!'80 line widths away from the
IRAS sources, and the outer radii (ry) were set equal to the
mean radii of the 3 ¢ contours in the C180 maps.

The model parameters that remain are r;,, the infall radius
(equivalently, the age since collapse began, since riyr = tin¢ Qegr)s
the 1/e turbulent width (év,,,,), and the abundance of the mol-
ecules being modeled. These were optimized by running a
series of models and finding the best match to the observed line
profiles. Matching the shape of the profile was considered more
important than matching the strength, since simulations show
that the latter depends more strongly on the (uncertain) dis-
tance. The peak antenna temperatures from the models are
given in Table 5, as are the best-fitting values for r,,, o0y,
X(C*80), X(H,CO), and t;,. The infall radius and time depend
directly on the distance, dv,,,, is fairly insensitive to distance,
and the abundances depend on the distances in a more
complex way. The specific model parameters in Table 5 are not
very precisely determined. They are intended as starting points
for future modeling when more data are available.

Figure 4 shows the normalized H,CO and C!'®0 line profiles
from the models. The model profiles match the observations
reasonably well for CB 244. For CB 54, the model profile has a
self-absorption dip that is not apparent in the data. Models
with lower abundances of H,CO predict less self-absorption,
but they also predict weaker lines, worsening the discrepancy
between the intensity predicted by the model and that actually
observed (cf. Tables 3 and 5). This problem could be relieved if
the density were higher than that in the Shu (1977) model. CB 3
is also problematic. The infall radius and abundance of H,CO
required for CB 3 is much higher than in the other sources. In
addition, the intensity of the C'80 line cannot be matched,
even at the relatively high C'80 abundance in Table 5. Both
these facts suggest that CB 3 has higher densities than those
predicted by the Shu model, a feature often seen in regions
forming more massive stars (see, e.g., Zhou et al. 1991).

The model profiles for CB 3 can produce the relative
strength of the two peaks in the H,CO spectrum and the
observed shift of the H,CO peak relative to the C'80 peak,
but not the very broad wings on the H,CO line. These may be
caused by a very different infall velocity field or dense gas in the
outflow. Wing emission in H,CO is rare, but it has been seen
(see Mangum et al. 1990). The CO wings cover a similar range
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of velocities (Yun & Clemens 1994a). Emission from gas out-
flowing in the plane of the sky could also fill in the self-
absorption feature, which is less deep than in the models. A
map of the H,CO line, compared with a similar map of CO,
could test this hypothesis.

We consider the three candidates to have passed this test,
but only CB 244 looks like a good candidate for low-mass star
formation as described by Shu (1977). CB 54 has the least
convincing line profile, but it is worthy of further investigation.
We emphasize that these tests are not definitive. To rule out
explanations other than collapse, such as foreground absorp-
tion, contamination by outflowing gas, rotation, etc., maps in
the H,CO line and other tracers of the putative collapse region
are needed. We consider these three globules to be collapse
candidates and proceed to apply one more consistency check.

5.4. Column Density Distributions

For collapse candidates, the column density distribution
measured in C'®80 may be compared with predictions of theo-
retical models. The H, column density is proportional to the
integrated C*®0 line intensity if the C'®O line is optically thin.
Hence, the column density distribution is roughly described by
the distribution of the azimuthally averaged, integrated inten-
sity of the C180 line. Figure 5 shows these distributions for the
three collapse candidates.

The same models which produced the line profiles in Figure
4 were used to construct model line profiles at positions dis-
placed from the peak. These line profiles (simple Gaussian pro-
files decreasing in strength away from the center) were then
fitted in the same way as were the observations, and the
resulting distributions of integrated intensity are plotted as
dotted lines in Figure 5. The model distribution agrees well
with the observations of CB 244 out to a radius of about 40",
where the more extended cloud component becomes impor-
tant. The model distributions in both CB 54 and CB 3 decline
more rapidly than the observations, suggesting a flatter density
distribution than predicted by the inside-out collapse model.
The data do not warrant an exhaustive exploration of param-
eter space outside the context of established theoretical models,
but we did try models in which the density is assumed to follow
n(r) oc r~ ! outside r;,; while, inside r;,, the density and velocity
fields are unchanged from those that fit the line profiles. This
rather ad hoc model did produce a flatter distribution of inte-
grated intensity (dashed lines in Fig. 5), but the model emission
still fell short of the observations at large angles. These modi-
fied density laws also affected the line profiles somewhat.

5.5. Characteristics of Collapse Candidates

The three tests applied in this section have identified three
candidates for collapse. The test that eliminated the most can-
didates was the line width comparison. This test is effective in
selecting strong candidates for further study. However, it may
reject candidates that are at very early stages of collapse, when

TABLE 5
MODEL PARAMETERS FOR COLLAPSE CANDIDATES

T* T*
Lew  d S0 re 1o (€¥0) ®,C0) X(C®¥0) X (H,CO) te
Source (Lo) (po) (kms™?) (po) (pc) K) (K) (1078 (107%) (10° yr)
CB3 ... 830 2500 085 035 038 11 05 50 80 54
CBS4.... 55 600 065 008 012 12 03 7 8 16
CB 244, ... 1 20 030 003 006 17 03 6 3 10
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FI1G. 5—The azimuthally averaged C'80 integrated intensity distributions
in the three collapse candidates. The points connected by solid lines are the
azimuthally averaged observations. The dotted lines are the predictions from
the model that gave the best fit to the line profiles. Model parameters are given
in Table 5. For CB 54 and CB 3, the dashed line represents the results of a
model in which the density law is modified from r =2 to r ! outside the collapse
region. Inside r,,, the density and velocity fields are unchanged.

the line width differences are less extreme (see § 1.2). Also, the
H,CO lines may become too weak to detect late in the collapse
(see Zhou 1992). Thus, other globules with IRAS sources near
C'80 peaks are not ruled out as collapsing clouds. With this
caveat in mind, we consider the three candidates in more detail.

CB 244 is the most classic example of low-mass star forma-
tion in this sample. The star-forming core has low mass (~ 1
M) and low luminosity (1 Lg). It has a high mean density
(7 x 10* cm~3) and a small core size. The small r;; translates
into a short time since collapse began (1 x 105 yr). The outflow
is clearly bipolar, with a dynamical age of 9 x 10° yr, the result
of Yun & Clemens (1994a) scaled to a distance of 200 pc. The
position of the IRAS source agrees, within the IRAS PSC
positional uncertainty of 18", with the peaks of both C'®0
(Fig. 1f) and the center of the outflow (Yun & Clemens 1994a).
These properties are reminiscent of those in B335, but the
spectral energy distribution (SED) is quite different. While the
infrared source in B335 is undetected at 4 < 60 um, CB 244 has
a near-infrared source about 10” from the IRAS position (Yun
1993). High-resolution images at mid-infrared wavelengths will
be needed to determine if the near-infrared source is actually
related to the IRAS source and the column density peak.

CB 54 appears to be slightly more massive (~7 M) and is
clearly more luminous (55 L) than CB 244, but both quan-
tities depend rather strongly on the unknown distance. The
mean density is also relatively high (4 x 10* cm™3). The
column density has a single peak, centered on the IRAS source,
but falls off more slowly with radius than expected from the
collapse model. The infall age would be about 1.6 x 10° yr,
safely in excess of the dynamical age of 2.8 x 10* yr for the
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clearly bipolar outflow (Yun & Clemens 1994a). The signature
of collapse is not particularly dramatic in this source. The
IRAS PSC position (uncertainty of 21”) agrees very well with
the C*80 peak (Fig. 1b) and the apparent outflow source (Yun
& Clemens 1994a). The SED increases from 2 to 100 um; there
are actually two near-infrared sources, within common nebu-
losity, near the IRAS position (Yun & Clemens 1994b; Yun
1993), raising the possibility of multiple star formation. High-
resolution images at mid-infrared wavelengths will be crucial
in determining which, if either, of these sources is associated
with the peak of luminosity and column density.

CB 3 is an anomaly in this sample. At a distance of 2.5 kpc,
its core is much more massive (~70 M) and luminous (830
L) than the other globules in this sample. It is probably a case
of intermediate-mass, rather than low-mass, star formation. Its
infall age is 5.4 x 105 yr, longer than the outflow dynamical
time, scaled to 2.5 kpc, of 6 x 10* yr (Yun & Clemens 1994a).
Its line profiles and C!80 distribution are least well matched
by the models, as discussed above, though the signature of
collapse is reasonably clear. The outflow is less bipolar, which
perhaps explains why the H,CO spectrum is more contami-
nated by outflowing gas. The SED rises quite steeply from 25
to 100 um, but a number of near-infrared sources, one of which
is nebulous (Yun & Clemens 1994b), produce a second peak in
the SED at shorter wavelengths. The near-infrared sources are
13" from the IRAS position (Yun 1993). The IRAS source itself
is about 30” from the peak of the C'80 emission (Fig. 1a) and
the apparent source of the outflow (Yun & Clemens 1994a), but
the positional uncertainty in the IRAS PSC is 15”. Again, high-
resolution mid-infrared images are necessary to determine
which, if any, of these sources are at the center of luminosity
and column density.

6. SUMMARY AND FUTURE WORK

We detected C'80 emission in the J =2 — 1 line toward
70% of a sample of about 40 globules selected as likely to be
forming stars. Maps of C'80 located column density maxima
within 30” of IRAS source in 12 globules. The Jx_ x, =
3,5 = 24, line of H,CO was detected toward nine of these 12
positions, indicating a high volume density, as well as high
column density. Three of these nine H,CO lines are signifi-
cantly wider than the C'80 lines, which suggests enhanced
activity in the cloud core. The shapes of the line profiles are
qualitatively consistent with collapse in all three, CB 54 being
the least consistent. Models of line profiles expected in an
inside-out collapse are also consistent with the observations,
but uncertainties in distance and the velocity scale prevent a
definitive conclusion. We conducted a consistency check by
using the model that best matched the line profiles to predict
the spatial distribution of the C*®O emission. The prediction
agreed with the observations in CB 244 out to radii where the
extended cloud component confused the issue; the predictions
fell off faster than the observations in CB 54 and CB 3.

We conclude that CB 244 is a good candidate to be a col-
lapsing core that is forming a low-mass star. CB 54 is also a
possible candidate, but it may be forming multiple stars. CB 3
is a much more massive cloud, with a luminosity characteristic
of intermediate-mass star formation. If the outflow can be
separated from infall motions, it may provide a good example
of collapse in a more massive environment. '

To further our understanding of these objects, several addi-
tional studies are needed. Most urgently, distances must be
determined toward these globules. High-resolution studies in
the mid-infrared are needed to determine positions of the
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centers of luminosity and column density and to decide which
near-infrared sources, if any, are associated with the far-
infrared emission. Observations of other lines of H,CO and
other density-sensitive molecules like CS are needed to con-
strain the density distribution. Maps and line profiles obtained
with higher spatial resolution are needed to separate possible
contributions from outflowing gas and to probe the kinematics
to smaller scales, where collapse (and possibly rotation)
become more important.
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