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ABSTRACT

We have mapped the nearby small Bok globule LBN 11 (size ~0.3 pc, distance ~110 pc) in the
millimeter lines of CO at very high dispersion (65 m s~ per channel), obtained co-added IRAS survey
images of the cloud, and measured the optical linear polarization of sixteen stars close to the cloud
center. The molecular lines and TRAS images reveal a low mass cloud (~2 .# @) with a moderately
dense core (7<10*° cm~3) which has not formed stars. The high spectral resolution CO lines reveal
the presence of several individual kinematic and spatial components (“clumps”) within the cloud,
which exhibit subsonic linewidths. Such distinct clumping in so small a cloud has not previously been
seen. CS and SO maps of the *CO core region made at 25” resolution confirm the presence of the
dense gas expected from the radial density distribution inferred from the 3CO observations. Overall,
the cloud is in a state of rotation, with a rotation rate of 3.6 1.0 km s~! pc !, for the region strongest
in 3CO emission. The rotation direction, determined from a solid body fit to the CO isotopic lines, lies
along P.A.=—86=+11°. This is parallel to the long axis of the cloud, as well as nearly parallel to the
direction of the embedded magnetic field traced by the optical polarizations measured for the 16 stars,
P.A.=81.6+0.5". The dispersion of the projected magnetic field direction is quite small ( ~6°), but is
shown to be largest for characteristic spatial separations of 0.1-0.2 pc between pairs of stars. The
distributions of CO and '*CO clump sizes also peak near 0.15 pc, suggesting a possible connection
between the magnetic field and the clumpy state of the cloud. The *CO clumps may arise from
fragmentation of the rapidly rotating core and could signify the presence of a very young protobinary.
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The CO clumps are transitory and may be due to Alfvén waves driven into the cloud periphery.

1. INTRODUCTION

How does the presence of a magnetic field and rotation
affect the formation of young stars inside a cloud core? In
order to investigate this question, we have probed the very
nearby cloud LBN 11 (Lynds 1965), which also appears as
entry 63 in the list of small molecular clouds compiled by
Clemens & Barvainis (1988, hereafter CB). The distance
to this cloud is about 110 pc, based on its positional and
radial velocity association with the L 134 region, whose
distance was estimated via a reddening-distance relation by
Franco (1989). The optically opaque core of LBN 11 has
an angular size of about 7 X 11 arcmin, corresponding to a
physical size of about 0.3 pc for the cloud, placing it near
the mean size of the small Bok globules surveyed for CO
and IRAS emission by Clemens et al. (1991; hereafter
CYH).

Several previous studies of globule magnetic fields have
yielded interesting results. Jones ef al. (1984) used near-IR
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techniques to build a detailed map of the magnetic field
associated with the large Bok globule Coalsack 2, and con-
tended that quasistatic collapse of the cloud could explain
the ordering of the field lines for that cloud. Joshi et al
(1985) and Williams et al. (1985) studied the large glob-
ules B 5 and B 361, respectively. Vrba et al. (1986) studied
the magnetic field directions associated with the star form-
ing globule B 335, finding a magnetic field which is parallel
to both the ambient medium and to the high velocity out-
flow mapped by Goldsmith et al (1984). However,
Hodapp (1987) probed the polarizations of stars much
closer to the opaque core of B 335 and found that the
magnetic field was more disordered than that found by
Vrba et al. Klebe & Jones (1990) used background star-
light to probe the density distributions and polarization
characteristics of three Bok globules. Of their three, B 118
has the smallest size ( ~0.2 pc—similar to that of LBN 11)
and shows polarization vectors which are generally
aligned. Klebe and Jones argue that globules this small are
those with maximum ambipolar diffusion rates in the mo-
lecular material (Myers & Goodman 1988). Under those
conditions, the once-embedded magnetic fields should exist
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mostly in the peripheries of these clouds, leading to appar-
ently uniform polarization patterns.

The “standard picture” of the formation of a dense mo-
lecular cloud from a diffuse collection of magnetized gas
and dust involves quasistatic contraction of the material
along the magnetic field lines, with much less contraction
along directions perpendicular to the field lines (Mouscho-
vais 1976a,b). This collapse should preferentially generate
clouds with oblate or pancake shapes, with their magnetic
fields directed parallel to their minor axes. Several large
dark cloud complexes do show the expected morphologies
and polarization orientations (e.g., L 204: McCutcheon
et al. 1986; the Taurus dark clouds: Heyer ef al 1987).
However, there are also configurations which do not fit the
standard picture (e.g., p Oph: Vrba et al 1976).

It is not clear how Bok globules should fit into the stan-
dard picture, since their formation is not generally thought
to proceed along quiescent pathways (Schneps ez al. 1980;
Zealey et al. 1983; Dickman & Clemens 1983; Leung 1985;
Kimura & Tosa 1991). Hodapp (1987) has proposed a
scenario in which ram pressure due to the diffuse inter-
cloud medium strips cloud envelopes. In this picture, the
intrinsic magnetic field lines of a globule are stretched from
the core to the displaced envelope, leading to polarizations
which trace out the stretched field lines.

In order to begin to address the relationship between
embedded magnetic fields and star formation, we have con-
ducted a detailed study of the very nearby small Bok glob-
ule LBN 11. The goals of the study are to characterize the
magnetic, star formation, structural, and kinematic states
of the cloud. By exploring possible links between these
physical properties, we seek to ascertain the relative im-
portance of the magnetic field, cloud rotation, fragmenta-
tion, and environment in ordering the structure and stabil-
ity of this seemingly simple cloud.

We use observations of the optical polarization of stars
lying behind LBN 11 to probe the magnetic field direction.
High spectral resolution CO and HCO™ isotopic mapping
and high angular resolution CS and SO mapping are used
to establish the kinematics and structure of the globule gas.
Co-added IRAS survey imaging is used to both search for
embedded and associated young stellar objects and to de-
lineate the structure of the extended dust component of the
cloud.

These data paint a picture of a quiescent but highly
clumpy, rotating globule. A well-delineated dense core is
present, surrounded by a region of exceedingly uniform
magnetic field lines. Interestingly, the magnetic field exhib-
its a characteristic directional length scale which is nearly
identical to the sizes of the gas clumps, implying that the
field and the clumps may be coupled physically. No em-
bedded stars are detectable in LBN 11.

In the data section of this paper, we present basic data
concerning LBN 11 including distance estimates. We also
present our optical polarization measurements and com-
pare the direction of the cloud magnetic field to that of the
Galactic field. The characteristic magnetic field length
scale in our data is introduced here. The millimeter obser-
vations are presented as a series of maps of integrated line
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emission and sample line profiles. The IRAS data are pre-
sented and examined for the presence of embedded point
sources and extended emission.

The discussion section of this paper contains several
detailed examinations of the physical properties of LBN
11. The overall density structure and cloud mass are estab-
lished in Sec. 3.1. Chemical abundances and spatial varia-
tions of those abundances are pursued in Sec. 3.2. A direct,
simple measurement of the rotational state of the globule
gas is performed in Sec. 3.3.

Section 3.4 contains a detailed analysis of the informa-
tion contained in the molecular line profiles. Two regions
of the cloud are found to exhibit CO self-absorptions, as
described in Sec. 3.4.2. Because the presence of multiple
gas components is strongly suggested by the spectral line
shapes, detailed profile fitting was performed, as described
in Sec. 3.4.3. The results of this process establish the sub-
sonic nature of the gas components (Sec. 3.4.4). Because
the profile fitting establishes highly precise radial velocities
for the gas, the rotational state of the cloud is reexamined
in Sec. 3.4.5. A rotation curve indicating differential rota-
tion is found; we suggest it may indicate the presence of a
protobinary in the cloud core. Finally, the cloud molecular
line profiles are analyzed using channel maps, leading to a
catalog of CO and Bco clumps (Sec. 3.4.6).

The nature of the gas clumps, and their possible relation
to the magnetic field are explored in Sec. 3.5. As discussed
in Sec. 3.6, the CS and SO features and structure of the
core suggest that future star formation is possible in LBN
11. A detailed summary of our findings is contained
in Sec. 4.

2. DATA
2.1 LBN 11

LBN 11 has approximate center coordinates o gsg
=15"48™11%, §,9so=—03°57'14", and a local standard of
rest (LSR) velocity of about 2.5 km s~ ! (CB); it is thus
near the larger dark cloud L 134 and possesses about the
same radial velocity. Franco (1989) used Stromgren pho-
tometry to estimate the distance to L 134 to be 110+ 10 pc,
based on the location of the first step in an extinction ver-
sus distance diagram. Alternatively, LBN 11 could be as-
sociated with the p Oph molecular cloud which dominates
the Upper Scorpius region. Distances to the front, center,
and back of the Upper Sco dust clouds were estimated to
be 80, 125, and 170 pc, respectively, by de Geus et al
(1989), from analysis of the reddening of stars in the Sco
OB?2 region. Here, we adopt a distance of 110 pc to LBN
11, based on the L 134 association.

The cloud has an optically cataloged angular extent of
about 11X7 arcmin (0.35X0.22 pc) extending along a
position angle of 90° (CB). The cloud is partially con-
nected to clouds to the north—east and north-west, evi-
dence of these appear in the CO and IRAS maps (see
below). The position angle of latitudes parallel to the Ga-
lactic plane is 40° at the location of LBN 11, hence the
cloud is not aligned along or perpendicular to the Galactic
plane.
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TABLE 1. Summary of optical polarization measurements.

Star a § my P op X Ox
No. (1950) (1950) [mag] (%] (%] ] ]
&) ) ©) 4 ) ® O ©
1 1547 41.6 —04 02 24 12.0 2.62 0.08 86 1
2 15 47 45.5 —04 00 27 14.4 1.44 0.16 83 3
3 15 47 50.5 —04 02 05 15.5 3.38 0.39 87 3
4 15 47 50.8 —03 53 14 14.0 2.90 0.28 76 3
5 15 47 55.6 —03 54 04 10.5 2.09 0.13 87 2
6 1548 014 —04 00 52 14.1 3.04 0.20 66 2
7 15 48 04.1 —-03 53 10 14.6 3.27 0.40 74 4
8 15 48 20.0 —03 59 47 12.6 2.30 0.15 76 2
9 15 48 30.3 —03 53 12 16.9 3.00 1.32 94 13
10 15 48 31.7 —04 01 30 10.8 2.25 0.08 82 1
11 15 48 33.9 —03 54 28 13.4 1.70 0.19 79 3
12 15 48 33.9 —04 01 45 14.1 2.51 0.36 70 4
13 15 48 38.3 —-03 52 23 13.4 2.54 0.23 87 3
14 15 48 42.6 —04 00 41 16.2 2.62 0.47 74 5
15 15 48 43.7 —03 56 53 16.2 3.16 1.07 85 10
16 15 48 46.1 —03 52 39 14.2 2.64 0.25 84 3

With the exception of being cataloged by Lynds and CB,
this cloud had not been selected for detailed study before
1988. However, because of its proximity and convenient,
high-latitude location (during Galactic “dead time”), it
was selected for observation during an optical polarization
run with the Minipol instrument.

2.2 Optical Polarimetry

The polarimetric observations were performed during
8-10 June 1988 using the Minipol optical polarimeter
(Frecker & Serkowski 1976) on the 1.5 m (61”) telescope
of the University of Arizona Observatories on Mt. Bigelow,
Arizona. The data were collected through a 15" aperture
and a g band filter (1,~5500 A, 54~500 A). Internal
calibration via a Glan prism established the polarization
efficiency at 98.2%. Observations of HD 155197 (P
=4.627, y=105"13; Tapia 1988) were used to establish
the instrumental offset angle; the absolute positional uncer-
tainty was under one degree. During this observing run,
several Mathewson & Ford (1970; hereafter MF) stars
were observed to test their suitability as intermediate mag-
nitude polarization standards (Clemens & Tapia 1990),
further verifying the quality of the LBN 11 stellar obser-
vations.

Table 1 lists our measured polarizations for stars in the
vicinity of LBN 11. The stars are ordered by right ascen-
sion and their approximate g band magnitudes are listed.
However, no atmospheric extinction or color corrections

have been applied, so the listed magnitudes should only be
used as relative brightness indicators for identification pur-
poses. Columns (5) and (6) list the percentage polariza-
tions and their 1o uncertainties. Columns (7) and (8) list
the polarization position angles on the sky and the 1o un-
certainty in the angles. Most of the angular uncertainties
are around 3°, except for two of the faintest stars, which
have larger uncertainties.

All of the stars exhibit large values of linear polariza-
tion, with position angles that are quite similar. In Fig. 1,
the histogram of observed polarization percentages for the
stars is shown and may be compared to similar histograms
of the polarizations measured for stars in the vicinities of
the B 216-217 and B 18 regions of Taurus (Heyer et al.
1987; Vrba et al. 1988) and for the 15 dark clouds studied
by Myers & Goodman (1991). The mean polarization of
the stars towards LBN 11, 2.38+0.04%, is between the
means for B 216-217 (2.09% +0.13%) and B 18
(2.68% +0.14%). These values are all much larger than
would be expected from grain alignment in the more dif-
fuse, hot intercloud medium, arguing that these clouds are
involved in generating the linear polarization via an em-
bedded magnetic field.

Figure 2 shows the histogram of the derived polariza-
tion position angles for LBN 11 stars. The narrowness of
the peak in the histogram suggests that the direction of the
magnetic field lacing the molecular cloud is fairly uniform.
The peak in the histogram for LBN 11 is much narrower
(dispersion ~6°) than the corresponding peaks for B 18
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F1G. 1. Histogram of the percentage polarizations measured
for 16 stars near LBN 11.

(21°) and B 216-217 (25°), and narrower than all of the
histograms in the Myers and Goodman sample.

2.2.1 Local galactic magnetic field direction

The compilation of stellar polarizations of MF has been
generally recognized as useful for indicating the distribu-
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FIG. 2. Histogram of the polarization position angles measured
for 16 stars near LBN 11.
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tion of the Galactic magnetic field over large spatial scales.
In the vicinity of LBN 11 there are five MF stars within 6°,
as listed in Table 2. The first two stars in this distance-
ordered list exhibit rather small polarizations and have
position angles far from the mean of the LBN 11 stars.
However, the remaining stars in Table 2 have position an-
gles very close to the average found for LBN 11, and the
final two stars exhibit fractional polarizations nearly as
large as those associated with the stars surrounding LBN
11. Distances to the last two stars were derived by MF by
assuming a relation between the polarization and color ex-
cess. This renders their distances considerably less certain
than those for the other stars. Nevertheless, the similarity
of polarization properties of the MF stars to the LBN 11
stars for distances greater than 105 pc is consistent with a
distance of 110 pc for the globule, and with a magnetic field
lacing LBN 11 which is parallel to the local Galactic mag-
netic field.

2.2.2 Scale length of the magnetic field directional dispersion

In order to examine details of the magnetic field associ-
ated with the cloud, the correlation of the stellar polariza-
tion position angles was examined. For each pair of stars, a
weighted mean absolute value of position angle difference
was calculated, with a weighting inversely proportional to
the summed squares of the position angle uncertainties.?
The differences were averaged into bins of the log of the
separation between the stars in each pair. Values of the
mean angular difference as a function of the log of the
separation are presented in Fig. 3. (The angular separa-
tions between the optical polarizations were converted to
physical distance by adopting 110 pc as the distance to the
cloud. As the cloud is the likely source of the polarization
enhancements seen for these stars, this choice is appropri-
ate.)

The figure shows that the mean difference in polariza-
tion position angle between two independent lines of sight
rises to a maximum of about 10-12° for lines of sight sep-
arated by about 0.1 to 0.2 pc, and declines thereafter. Al-
though the uncertainties in the bins for distances smaller
than 0.2 pc are substantial, the decline on the large size
side is very significant and serves to limit the magnetic field
directional dispersion length scale. Also, the values in the
first and fourth bins differ by a factor of 3.7 times the root
square sum of their individual squared uncertainties, hence
there is also a lower limit to the length scale. As will be
shown below, the mean size scale (0.1-0.2 pc) also corre-
sponds to the mean sizes of the '2CO and *CO clumps
found in the cloud.

2.3 Millimeter Molecular Line Mapping

LBN 11 was observed in the J=1—0 lines of 2CO
(hereafter CO), *CO, C®0, and HCO™ using the 14 m
radio telescope of the Five College Radio Astronomy Ob-
servatory (FCRAQ) near New Salem, Massachusetts, dur-

3This correlation is essentially the square root of the position angle struc-
ture function.
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TABLE 2. Mathewson and Ford stars near LBN 11.

HD No. Distance Ay P X

[pe.] [mag.] (%] ]

(1) (2) (3) (4) (5)
139137 28 0.8 0.99 (0.03) 70 (1)
145206 105 0.1 1.07 (0.03) 105 (1)
140873 145 0.3 0.86 (0.03) 84 (1)
143396 159 1.3° 1.79 (0.05) 88 (1)
142863 182 1.2¢ 1.72 (0.06) 85 (1)
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@ — extinction was derived from the percentage polarization (MF).

ing the two periods 10-13 November 1989 and 15-17
December 1989. The nominal central position adopted
for making the maps was ao50=15"48701% 8,950
=—03°53"29".

Pointing was checked frequently on IRC+ 10216, Mars,
Jupiter, and Saturn. Continuum slices through Jupiter and
Saturn were used to determine a beamwidth of 45” and a
main beam efficiency of 43% at the CO wavelength. The
first sidelobes were also visible in the cuts through Jupiter,
and were found to contain approximately 41% of the total
forward efficiency. Hence, for cloud structures smaller
than the first sidelobes, the coupling efficiency 7. is about
43%, while for structures larger than the first sidelobes, 7¢
rises to about 84%. Because of this size dependence, we

15_I T T | T T 1
“ g T E
3 - 1 ]
a _ T i
= N 1 ]
: L] E
= 5*1 J—_

0:I | Ill l I | I:

—_

Size [pc]

F1G. 3. Plot of the magnetic field directional dispersion vs
scale size. The correlation was computed as the weighed mean
two-point angular difference between stellar polarization mea-
surements. The error bars reflect the uncertainties in the
weighted means for each scale size bin.

have elected to show antenna temperatures corrected for
atmosphere and other gain effects, but uncorrected for
source coupling in the data presentations. System temper-
atures were typically around 750 K SSB at CO, 650 K at
BCO, 430 K at C'®0, and 370 K at HCO™. Atmospheric
opacities were determined from antenna dips, and each
spectrum was calibrated using a chopper vane, corrected
for the sky temperature determined from the dips.

For the LBN 11 observations, a 100 kHz per channel
filter bank was combined with a digital spectrum expander
to yield an effective velocity resolution of about 65 m s ™!
(25 kHz) at the CO and *CO wavelengths, about 34
ms~! (12.5 kHz) at the C*0O wavelength, and 42 m s !
(also 12.5 kHz) at the HCO™ wavelength. The weak cl®o
and HCO™ spectral lines were smoothed with a Gaussian
filter to 68 and 82 m s~ resolution before reduction, in
order to boost their signal-to-noise ratios. All spectra were
collected by frequency switching. (There was no contam-
ination from the telluric CO line, whose LSR velocity dur-
ing these observations was about 28 km s~'.) A total of 99
positions was observed in the CO line, mostly over a 2
arcmin grid, with some positions in the center of the grid
sampled at 1 arcmin spacing. A total of 58 *CO positions
was observed, mostly with 1.5 arcmin spacing, though
some of the central positions have 45 arcsec spacing. Four-
teen C'30 positions were observed toward the central re-
gion of the cloud at 1 arcmin spacing. Three central posi-
tions, spaced by 45 arcsec in declination, were observed in
HCO, as well as in all three CO isotopes.

CS (J=2-1; 98 GHz) and SO (J,K=3,2—2,1; 99.3
GHz) observations of the central 4'5 of the cloud were
made during 25-27 October 1991 at FCRAO using the
newly commissioned 15-beam receiver QUARRY (Erick-
son etal 1992). The data were collected in position
switched mode, against positions separately verified to be
emission free. The filter resolution used was 250 kHz, or
about 0.76 km s~! per channel. A special mapping mode
for QUARRY was used to generate final maps with 12
Declination (Dec.) by 10 Right Ascension (R.A.) samples
on a 25" grid (i.e., Nyquist sampling for the 53" beamsize
measured on Jupiter). The spectra had baseline noise levels
of 0.08 K T per channel. At the CS frequency the main
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FIG. 4. Spectra obtained toward the (Aa,A8)=(1’,—2') posi-
tion in LBN 11.

beam efficiency was measured to be 0.50, and we assume
the same value applies to the SO observations.

Figure 4 shows the lines detected toward an offset (Ac,
AS)=(1',—2") from the fiducial map center. (This loca-
tion corresponds roughly to the actual cloud center.) The
C'®0 and HCO™ lines have been scaled up by a factor of
ten for clarity. It should be noted that the CO, while rel-
atively broad compared to the other lines, is actually quite
narrow, with a FWHM of only about 1 km s~ L. Further,
the 1>CO is quite strong, nearly as strong as the CO line. It
appears to be somewhat flat-topped, and is centered at a
velocity distinct from that of the CO line peak. This sug-
gests that self-absorption of the CO line may be present at
this position, attesting to a high column density of quies-
cent gas along this line of sight. Finally, note that the C'*0
and HCO™ lines are very weak at this location, indicating
that there is relatively little high density gas along this
direction. (The HCO™ was especially difficult to detect,
with the line shown representing more than four hours of
integration time on source.)

In Fig. 5, the integrated intensity of the CO line in
K kms™! (uncorrected for 7¢), is presented; plus signs
indicate the locations of the positions observed in this line.
The strongest emission occurs near (Aa, A8)=/(0.5,
—1.5). In integrated intensity, the cloud exhibits a single
CO core, and is somewhat elongated, though not quite
along the position angle cataloged optically. Figure 6 is a
map of peak CO line temperature, again uncorrected for
source coupling. Here, a second peak at (8,2) is seen, as
are minor peaks at (2,2) and (—3,2).

If we assume 7 for the CO lines is about 65% (that
appropriate to the main beam plus some side lobe filling)

2170

co Integrated Intensity
EL LN I B B
10 —

Dec. Offset [arcmin]

10 0 -10
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FI1G. 5. Contour map of the CO integrated line intensity
vs positional offset from a;g50=15"48™01%, &5
=—03°53'29". The lowest contour represents an inte-
grated intensity of 0.5 Kkms™' (ST% dV), and subse-
quent contours are stepped by the same value. Plus signs
denote positions observed for CO. The CO emission is
strongest just south and east of the (0,0) position. A
tongue of emission extends to the northeast. The southern
cloud boundary is much sharper than the northern
boundary. Along the northern boundary, edge effects in
the contouring routine have lead to artificially closed con-
tours.

and further assume that the CO lines are optically thick
and thermalized, the peak cloud gas temperature is about
10.3 K at position (1,—2). Values nearer 5 K are indicated
in the cloud periphery and almost certainly indicate sub-
thermal excitation of the CO in the lower density gas, and
not the physical gas temperature. The bulk of the cloud

2C0 Maximum Temperature
I L B B B B
10 — —

Dec. Offset [arcmin]

10 0
R.A. Offset [arcmin]

FIG. 6. Contour map of the CO peak line temperature
(T%) for LBN 11 on the same angular scale as Fig. 5. The
lowest contour corresponds to 0.5 K and the contour
steps are the same as that value. In this map, there are
two zones of enhanced gas temperature, one near (1,—2)
and another near (8,2). These two peaks have approxi-
mate gas temperatures of 10.3 and 11.8 K, respectively,
assuming 7. of 65%.
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FIG. 7. Combined contour map of '*CO integrated line
intensity and polarization results for the 16 stars mea-
sured optically. The contours start at a value of 0.25
Kkms™! (T%). The filled circles show the positions and
approximate relative brightnesses of the optical polariza-
tion stars. The lines through the stars indicate the posi-
tion angles and degrees of polarization measured. A scale
showing the length representing a 1% polarized star is in
the upper right. Three stars whose projected positions are
within the CO contours have had their polarization
lines emboldened for clarity only. Note that the *CO
peak emission occurs roughly midway in the stellar posi-
tional distribution, corresponding to the maximum visual
extinction region.

shows temperatures between 8 and 10 K, and we therefore
estimate a mean temperature of 9 K for the gas in this
cloud, similar to many other dark clouds and Bok globules.

Figure 7 presents the '3CO integrated line intensity,
with plus signs denoting the locations at which the spectra
were observed. Additionally, the positions, magnitudes,
polarization position angles, and percentages are shown for
the 16 stars probed for optical polarization. The *CO map
suggests a single core, although it should be noted that the
(8,2) region, which appears as a secondary peak in the CO
temperature map, was not sampled in *CO. The core ap-
pears to be partially elongated, although the position angle
of the elongation depends on the contour level chosen.
Generally, however, the outer contours indicate an elonga-
tion in the east-west direction, roughly parallel to the op-
tical polarizations.

The dense core seen in the *CO map has half-power full
widths of about 7 X5 arcmin, corresponding to about 0.22
%x0.16 pc at a distance of 110 pc. The peak *CO line
intensity is about 3.5 9g! and the integrated intensity is
2.25 9¢! K kms™!. Under the assumptions of 7-=0.65
and Local Thermodynamic Equilibrium (LTE; Dickman
1978) the '*CO intensities correspond to a peak line opac-
ity of 2.1 and a column density of 8.1x 10" 3CO cm™2
For a conversion ratio between '*CO and H, appropriate
for dark clouds of 2.2x107° (Dickman 1978), the H,
column density, N(H,), is 3.7 10*! cm~2. If the cloud is
of uniform density and prolate in shape, the inferred mean
volume density is 7700 H, cm . For any radially decreas-
ing gas density distribution, this average volume density is

C'°0 Integrated Intensity

2171

I I T T T l T T T 71
10 — —
~ - —
=}
é. | B
[9] — —
B ,CS, SO Map Region
— _ ! 7
- f— —
2 0
0 . ]
o
Y
o - ]
8 ~ IO.I pc i
a - |
-10 — —]
| [ I | T

10 0 -10
R.A. Offset [arcmin]

FIG. 8. Contour map of the C'*0 integrated line intensity
for LBN 11 on the same scale as in Fig. 5. The lowest
contour level corresponds to 0.025 K kms™! (T%), and
the contour step size is the same as that value. The
dashed box indicates the size and location of the region
mapped in CS and SO using QUARRY.

a lower bound on the peak volume density in the cloud
core.

Figure 8 shows the integrated intensity of the C'®O line
and the positions observed. Although a single core is
present in the region studied, it should be noted that the
lines are very weak and generally do not exhibit single,
simple profiles. This last issue is discussed in Sec. 3.4, be-
low.

Figure 8 also shows the location and size of the region
mapped in CS and SO using the QUARRY receiver. Maps
of the integrated intensities of these lines are shown in Figs.
9 and 10. Because high dispersion spectrometers for all 15
QUARRY beams were not yet available, the CS and SO
observations were conducted using the rather coarse 250
kHz filters. As a result, the lines are not resolved, and

CS Integrated Intensity
T

Dec. Offset [arcmin]

30 20 1.0 0.0
R.A. Offset [arcmin]

FI1G. 9. Contour map of CS (J=2—1) line
integrated emission from the core of LBN 11.
The lowest contour corresponds to 0.05
Kkms~! and subsequent contours are
stepped by the same amount. Cataloged fea-
tures have numbered centers.
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SO Integrated Intensity
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Fi1G. 10. Contour map of SO (J,K=3,2—-2,1)
emission over the same region as in Fig. 9. The
lowest contour corresponds to 0.05 K km s~!
and subsequent contours are stepped by the
same amount.

specific line intensities, widths, and center velocities are
unknown. However, channel maps were constructed and
significant emission was detected in two channels for each
molecule. The maps in Figs. 9 and 10 were constructed
from the integrated intensities in these two channels. Fea-
tures were detected above 20 at multiply connected posi-
tions in both CS and SO. Since all of the features seen were
small, the maps were corrected for the measured value of
the main beam efficiency at CS, that is 7=0.50.

In Fig. 9, the CS observations reveal emission arising
from at least three, and possibly as many as five distinct
regions. Four of the regions were well-delineated in the
map. The observed properties of these four regions are
listed in Table 3. The table lists a molecule and region
identifying number (1), the (Aa, A8) offset from the CO
mapping center (2 and 3), the peak integrated intensity
(4), the full-width at half power of the feature, measured
along its major and minor axes (5 and 6), and the approx-
imate position angle of the major axis (measured east from
north; 7).

Figure 10 shows the corresponding SO emission map. It
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FIG. 11. Contour map of JRAS 100 pm emission for LBN
11 on the same scale as for Fig. 5. The lowest contour
corresponds to 1.0X10~° Wm~2sr~! and the contour
step size is five times that value. No point sources appear
near the core region of strongest 100 um emission.

also exhibits multiple structures. The central, brightest fea-
ture is essentially resolved into two regions of rather dif-
ferent characteristics; the SO properties of these two re-
gions are also listed in Table 3 and their identifying
numbers printed in Fig. 10. In the table, under the ‘“Notes”
column, cross references indicate that regions CS-2 and
SO-1 are likely to be related because of their significant
spatial overlap. However, the strongest SO component re-
sides in a region remarkably free of CS emission. Since CS
and SO have similar excitation requirements (thermaliza-
tion densities near 10® cm™3 ), the different CS and SO
spatial distributions may be due to inhomogeneities in the
cloud chemistry. This has been claimed for the CS and SO
distributions in the nearby L 134N (L 183) cloud by
Swade (1989).

2.4 IRAS Data

As part of a project to obtain JRAS co-added survey
images of all 248 clouds in the CB catalog (CYH), 12, 25,
60, and 100 um coadded images for LBN 11 were gener-

TABLE 3. Summary of CS and SO emission region properties.

Region A RA A Dec JTRrdV a b P.A. Notes
Number [arcmin] [K-km s71] [arcmin] [°]
1) 2 3) (4) (8) (6) (M
CS-1 0.75 —0.10 028 094 0.56 —25
CS-2 1.25 -1.15 0.40 1.22 0.53 45 S0-1
CS-3 1.30 -2.50 0.20 0.78 0.53 10
CS-4 2.75 —1.00 0.32 1.00 0.41 -5
SO-1 1.50 -0.75 0.40 0.88 0.34 20 CS-2
SO-2 2.15 —0.85 0.44 0.75 0.56 =5
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TABLE 4. IRAS point sources near LBN 11.

Source a 6 S12 Sas PSC Name
No. (1950) (1950) [Jy] Jy)
1 ) (3 (4) %)
1 15 47 20.7 —03 46 17 0.58 1.53 154730346
2 15 47 26.6 —03 53 01 0.11 < 0.07
3 15 47 50.2 —03 53 40 0.26 < 0.07
4 15 47 52.7 —03 50 41 0.07 < 0.07
5 15 48 00.4 —04 04 31 0.11 < 0.07
6 15 48 03.5 —03 44 18 0.33 0.63 15480—-0344
7 1548 17.4 —03 44 02 0.29 < 0.07
8 15 48 55.0 —03 41 49 0.12 < 0.07

ated at the Image Processing and Analysis Center (IPAC)
in Pasadena, CA. These images have angular resolutions of
about 1’ at the shortest wavelengths, growing to 2-3’ at the
longer wavelengths. Figure 11 presents part of the 100 um
image containing LBN 11, and shows the extended pres-
ence of the globule itself and low-level extensions to nearby
clouds. At the angular resolution of the image, only a sin-
gle core appears in LBN 11, but the extended nature of the
100 pm emission indicates that we are seeing the thermal
emission from extended cool dust and not from an unre-
solved point source.

The 12 and 25 ym images were median filtered (with
kernel size of 16 arcmin) and subtracted from the originals
in order to enhance the sensitivity to faint point sources.
Eight point sources were found within the boundary of Fig.
11, as indicated by dots and identifying numbers. Informa-
tion concerning the sources is provided in Table 4. The
fluxes listed were obtained using the POLYPHOT package
within IRAF.* The limits listed at 25 pm are the 3¢ limits
appropriate for the area of the other point sources de-
tected. Two of the eight point sources have JRAS Point
Source Catalog (PSC) entries, as indicated in Table 4, and
the PSC fluxes and the fluxes measured from the coadded
images agree to better than 20%. The coadded coordinates
were computed relative to the PSC coordinates for source
6; hence the source 6 coordinates are the PSC coordinates.
Since the difference between the coadd and PSC coordi-
nates of source 1 is 10 arcsec, we believe that the other
source coordinates are likely accurate to better than about
20 arcsec.

Source 1 is associated with a visual magnitude 6.8 B9
star, while source 6 is a known quasar. The spectral indices
for five of the remaining six sources are typical of normal
(shell) stars and they are therefore surely background ob-
jects. The spectral index of source 4 (the faintest 12 um
source) could be as flat as that of a T Tauri star, but if the

“IRAF is distributed by National Optical Astronomy Observatories
which are operated by the Association of Universities for Research in
Astronomy, Inc., under contract to the National Science Foundation.

source is embedded in LBN 11, it is remarkably faint at all
IRAS bands (Lg4s<0.003L).

We conclude that there are no embedded young stars in
LBN 11 to 30 12 and 25 pum limits of 0.03 and 0.07 Jy,
respectively. The corresponding luminosity limits at a dis-
tance of 110 pc sum to a value of 0.0024 L, much fainter
than the bolometric luminosity of an embedded MS star.

By combining the 60 and 100 um JRAS images along
with a single temperature modified blackbody model with
A1 emissivity (CYH), a mean dust temperature of about
20-21 K was deduced from the JRAS data. As the dust
traced by TRAS preferentially samples the warmest por-
tions of the dust temperature distribution, and misses some
90% of the coolest grain mass (CYH), these temperatures
are upper limits for the mean cloud dust temperature. Sur-
prisingly, the inferred gas temperature, 8-10 K, and the
IRAS upper limit to the dust temperature, 20 K, are closer
to each other for this cloud than for most of the globules
studied by CYH, possibly because of the remoteness of the
globule from heating sources (which tend to be more con-
centrated in the Galactic plane). The central 100 pm dust
opacity is about 4.7 X 10™*, fairly typical of the small glob-
ules (CYH).

The IRAS emission per hydrogen column density was
estimated for LBN 11 by comparing the peak 100 um
emission value (7.34 MJy sr—!) to the H, column density
traced by '3CO. The value of I,40/N(H,) so obtained is
0.18 MJy sr~1/(10%® H, cm™?), similar to the values re-
ported for dark molecular clouds (Snell ef al. 1989). The
total IRAS-traced, far-infrared luminosity for LBN 11 is
only 0.2 L, which is about a factor of 20 below that
expected for a small cloud embedded in the mean interstel-
lar radiation field of the Galactic plane (CYH). Since
there are no embedded sources and the dust is very cold,
much of the dust luminosity is likely emitted at wave-
lengths longer than sampled by the JRAS bands.

The radial density distribution of dust in LBN 11 was
deduced by Yun & Clemens (1991) as part of a 12-cloud
IRAS study of Bok globules. LBN 11 was found to exhibit

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


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1992AJ....104.2165C&amp;db_key=AST

FT992AT.~ - CTI047 2I65CT

2174 CLEMENS ET AL.: BOK GLOBULE LBN 11

IS A B B B AR
215 = X —
— \ —
> \
- — -
b7
g o _
a - LBN 11 LTE N =
a Rl — N —
£ i i
E N
= L _
© ~ Column Density Profile —
IN - -
a 20.5 — —
3 L o
L r T _
I DR R BT
-15 -1

Log Radial Offset [pc]

FIG. 12. Log-log plot of H, column density vs offset from the
center of LBN 11. This profile is the azimuthal average of the
column density image computed from the CO and *CO ob-
servations. The dashed line indicates the radial behavior of
an r~2 power law distribution.

a column density power law with a radial exponent of
—1.0=+0.1. The corresponding volume density power law
exponent of the radius was estimated by Yun and Clemens
to be —1.8+0.1 for this cloud.

3. DISCUSSION
3.1 Cloud Density Structure and Cloud Mass

An H, column density map was computed from the CO
peak temperature, *CO peak temperature, and *CO inte-
grated intensity maps. The map looks virtually identical to
the 3CO integrated intensity map; it shows a single central
peak of column density 4 X 10*! H, cm 2, and confirms the
generally optically thin nature of the '*CO emission. The
map was integrated to yield a total cloud mass of 1.48 .#/ o)
for the portion of the cloud mapped in *CO.

We next sought to create a representative spherically
symmetric model for the cloud. The starting point was an
azimuthally averaged column density profile computed
from the column density image. The resulting profile is
displayed in log-log form as Fig. 12. The innermost few
bins are certainly affected by both limited angular resolu-
tion and the nonsymmetric distribution of the gas in the
core of the cloud. Beyond the radii where beam resolution
effects are important, the decrease in inferred LTE column
density is not well matched by any single power law (for
more discussion of the expected functional forms see Dick-
man & Clemens 1983, or Turner etal 1992). In our
model, we approximated this profile as a set of three con-
nected power laws and a central uniform value of column
density, equal to the observed maximum column density
value. Integration of the model column density to a radius
of 0.3 pc (the limit of the observed profile) yielded a mass
of 1.66 .# , in good agreement with the actual integration
of the column density image. The peak H, volume density
in this model is about 3 10* cm~3, averaged over one
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beam size. This is in good agreement with the CS and SO
analyses of Sec. 3.2, below. The total cloud mass was then
estimated by continuing the outer column density power
law (of radial power law index —3) to infinite offset. The
resulting total mass is 2.0 .#

Masses computed under the LTE assumption tend to
underestimate total mass whenever either >CO becomes
optically thick or subthermally excited (Dickman 1978).
Both likely occur for this cloud, with optical thickness
present in the core and subthermal '3CO excitation and
lowered abundance occurring in the cloud periphery, due
to photodissociation by external UV illumination from the
interstellar radiation field. Hence, the 2 .# o estimated
may be a lower limit to the total cloud mass. However, the
use of LTE is generally not in error by more than about a
factor of two (Arquilla & Goldsmith 1985), and given the
presence of Ccto, HCO™, CS, and SO in the cloud, we
doubt that the CO isotopes are wildly underabundant.

3.2 Chemical Abundances

Detailed analyses were performed using the CO, *CO,
C"0, and HCO™ spectra obtained toward the three
central positions (Aa,A8)=(1,—2.8), (1,—2.0), and
(1,—1.3). The goals were to examine the kinematics of the
various gas tracers and to probe their abundances.

These central spectra were each fit with single Gaus-
sians using a nonlinear least squares approach. Analysis of
the Gaussian fit results clearly showed the presence of de-
tectable velocity gradients with declination offset in all four
molecular lines. The sense of all of the gradients was the
same, namely a decreasing radial velocity with increasing
declination. The CO line gradient was 3.1+0.3
kms~' pc~!, while the *CO, C'®0, and HCO" lines
showed gradients a bit more than twice that value, at 6.5
+0.3, 6.3%0.7, and 7.0 1.8 km s~ ! pc™!, respectively. It
is especially noteworthy that the HCO™ line, which probes
the densest gas regions along the line of sight and as a
result of its electrical charge could be tightly linked to the
magnetic field lacing the cloud, is found to have kinematics
virtually identical to the lower, neutral gas density tracers
C"0 and *CO. These gradients found for the core region
of the cloud are due to rotation of the cloud, as shown in
Secs. 3.3 and 3.4.5, below.

An LTE analysis was performed using the lines of 1*CO,
C!®0, and HCO™, assuming that the CO line acts as the
relevant excitation temperature indicator. For *CO, the
peak line opacity was 2 and the total column density of
BCO was 9.6 10" cm~2 For C'®0, the values were 0.05
and 2.7 10" cm 2, respectively, while for HCO™ the val-
ues derived were 0.02 and 9.0 10! cm 2. The ratio of the
BCO to C'®0 column densities had a mean over the three
positions of 33, while the similar ratio of C'*0 to HCO*
column density was 2900.

If the *CO and C'®0 are similarly excited and distrib-
uted and have relative elemental abundances in solar pro-
portions, the expected column density ratio would have
been 5.6 instead of 33. Several factors can influence the
column density ratio. These include fractionation of the
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BCO (Dickman et al. 1979), isotope-selective photode-
struction (Bally & Langer 1982), subthermal excitation of
the C'%0 relative to '3CO, and true abundance differences
and variations within the cloud. Because the total optical
depth to dissociating interstellar UV is not high for this
cloud, all of these effects are likely operating.

It is worth comparing the ratio of '3CO to C'®0 in LBN
11 to the same ratio in the small Bok globule CB 4 studied
by Dickman & Clemens (1983). CB 4 exhibited a *CO to
C®0 column density ratio of 10 toward the central posi-
tion of that cloud. Detailed line modeling could not ac-
count for such strong C'®0 lines there, and tended to pro-
duce ratios nearer the one reported here for LBN 11.
Hence, instead of concluding that LBN 11 is c®o weak,
the correct conclusion may be that CB 4 shows overly
strong C'®0 lines for a small globule, perhaps because CB
4 is roughly five times more massive than LBN 11. Turner
et al. (1992) also concluded that the C'®0 lines from CB 4
were strong, but were able to obtain correct line strengths
from their polytropic cloud model.

However, the peak CO column density in CB 4 is
about a factor of 2.6 lower than the value found for LBN
11. This may imply that fractionation is more prevalent in
LBN 11, or it may merely be due to a beam resolution
effect (CB 4 is at 600 pc distance). Note that if *CO is
more highly fractionated in LBN 11, our previous mass
estimates may be too high.

Because HCO™ has such a large dipole moment and
because the mean cloud volume density is modest, we ex-
pect the species to be subthermally excited. However, as
long as the excitation temperature is equal to or exceeds 4
K, some interesting limits can be inferred. If HCO™' is
well-mixed with the '>CO and uniformly excited to at least
4 K, then even if the 1*CO is fractionated by a factor of 2
over its normal interstellar abundances, the inferred abun-
dance of HCO™ is less than 10~ !° relative to H,; this is at
least a factor of five lower than seen elsewhere (Frerking
et al. 1987) or modeled (Hasegawa 1987). Alternately, if
the abundance of HCO™ is as high as the lowest value
modeled, 5% 10~ 10 (Hasegawa), then the filling fraction of
HCO™ emitting gas is no more than 0.1-0.2, depending on
the 1*CO fractionation.

While the observational findings of weak C!*0 and
HCO™ lines are secure, detailed chemical explanations of
this weakness are suspect. As is shown below, the cloud is
clumpy. Coupled with low UV opacities, this clumpiness
may easily produce the line intensities observed without
resorting to nonstandard chemistry. Nevertheless, we ex-
pect molecular abundances will vary significantly with
depth into the cloud due to the UV penetration and the
long times needed to reach chemical equilibrium.

The SO and CS line emission maps were interpreted
with the goal of estimating the peak volume densities and
masses traced by these molecules. The task was made more
difficult by our lack of resolved line profiles, although rea-
sonably firm limits can be established. The integrated line
photometry presented in Table 3 was interpreted under the
assumptions of optically thin lines which are uniformly
excited. Swade (1989) concluded that CS and SO in the
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core of the nearby cloud L 134N (L 183) have excitation
temperatures near 5 K. For this excitation temperature in
LBN 11, the peak column densities of CS are 1.8, 2.5, 1.3,
and 2.0 10" CS molecules cm~? for the regions CS-1,
CS-2, CS-3, and CS-4, respectively, and 4.8, and 5.3 x 10"
SO molecules cm ™2 for SO-1 and SO-2.

In massive molecular clouds, fractional abundances of
CS are typically around 1Xx10~% CS per H, while SO
abundances are a few X 10~° (Irvine et al 1987). How-
ever, Swade (1989) has found much lower abundances in
the L 134N cloud: 7x 10~ for CS and 2x 10~ for SO. If
we adopt his values, the peak hydrogen column densities
toward the CS regions are 2.5, 3.6, 1.8, and 2.9X 102! H,
cm~2, and 2.4, and 2.7 X 10%! for the SO regions. Dividing
these column densities by the mean sizes of the regions,
leads to estimates of the mean volume densities in the inner
parts of the regions of the order of 2.1x10* or 10** H,
cm™>. This is very close to the values found in the Bco
LTE analysis. Rough masses of the CS and SO emitting
regions were estimated by assuming these mean densities
prevailed over each of the regions detectable in these trac-
ers. The total mass so traced is 0.27 .# o, or 18% of the
cloud mass traced by *CO.

3.3 Rotation Analysis

In order to probe the rotation of LBN 11, we fit the
observed CO isotopic line center velocities with a solid
body rotation model, similar to that of Heyer (1988). This
planar fit returns the value and uncertainty of the rota-
tional gradient (in km s~ !arcmin~!) and the position an-
gle and uncertainty of the associated angular momentum
vector. Emission-weighted first velocity moments were
used for the line center velocities and were weighted by the
inverse squares of the resulting uncertainties (generally of
the order of 80 ms™!).

In Table 5, we summarize the two-dimensional rotation
fits obtained for the entire cloud, as probed by CO, *CO,
and C'®0. There are two fits for CO—one using all of the
CO spectra, and one restricted to the region sampled by the
BCO observations. The results for these two different CO
data sets are not significantly different. Note that the CO
and 3CO maps return essentially identical values for the
direction of the cloud rotation axis. However, the rotation
gradient inferred from the '*CO observations is roughly
twice as large as that deduced from CO by considerably
more than a 1o margin, as was also noted for the cloud
core spectra in Sec. 3.2. The weaker C'®0 lines exhibit no
detectable rotation, but only to very crude limits consistent
with the '*CO results. Line profile fitting would return
much more accurate central velocities for Gaussian pro-
files, and hence would in principle be capable of probing
the rotation state of the cloud much more accurately.
However, as will be shown below, many of the lines in this
cloud are more complex than single Gaussians, which ren-
ders single-line model results unreliable.

The angular difference between the CO rotation axis
and the position angle of the magnetic field is 8+ 16°. For
BCO, this increases slightly to 12=+11°. The virtual
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TABLE 5. Summary of cloud rotation analysis.

Molecule Region Observed Physical Rotation Number
Gradient Gradient Axis Angle of Spectra
(ms™! arcmin™!) (kms™! pc™!)  (Degrees) in Fit
12Co CO Map 41 (15) 1.3 (0.5) —88(19) 99
12¢0 13CO Map 51 (17) 1.6 (0.5)  —90 (16) 68
BCO  13CO Map 116 (31) 3.6 (1.0) —86 (11) 58
Cct0 C'80 Map 90 (27) 14
Notes: All uncertainties in parenthesis are 1 o uncertainties.

coalignment of the magnetic field and angular momentum
vectors strongly suggests that the field is tightly coupled to
the periphery (and possibly the core) of the cloud. If the
higher rotation gradient in the cloud interior indicated by
the 3CO data is accepted at face value, there are then
several possible explanations for the higher gradient. The
kinematic state of the core may simply reflect conservation
of angular momentum in the absence of a magnetic field
during core condensation, which requires essentially com-
plete magnetic field leakage from the core. Alternatively,
the cloud periphery may have been selectively braked by
magnetic forces (since absolute field displacements grow
larger with cylindrical radius for a solid body rotation
curve). Finally, the entire cloud may be in a state of free
torsional oscillation, with the core and periphery being out
of phase (and possibly with different oscillation ampli-
tudes). Note that torsional oscillations would be almost
unavoidable if tie observed shear motions are occurring
within the gas containing the magnetic field (Arons & Max
1975); in this case, however, the wound-up field lines
might produce a much more disordered polarization pat-
tern than is observed (or might not, depending on line-of-
sight superposition of polarization projections).

The moment of inertia and angular momentum were
computed for a spherical cloud model of LBN 11, which
treats the radial dependence of the H, volume density as a
single power law (power law index —3). The model con-
tains two cloud components, a core region, which is delin-
eated by the strongest *CO emission, and an envelope. We
chose a characteristic core radius of 0.1 pc, which corre-
sponds to the location of the *CO half power emission.
For the core region, we adopted the '*CO rotation kine-
matics, while for the envelope the CO kinematics were
adopted, both from Table 5.

The moment of inertia of the envelope is about 4.8
x1073 M(? pc? and the angular momentum is 2.6 10716
My pc?s~T, or 0.008 Mg km s~ ! pc, in the units of Gold-
smith & Arquilla (1985; hereafter GA). These values are
similar to those for the slowly rotating dark cloud B 68
studied by Martin & Barrett (1978; one of the GA clouds).
The corresponding specific angular momentum J/M is
about 0.0045 km s ™! pc for a characteristic diameter of 0.6
pc. This level of rotation is smaller than the levels seen for
the strong rotors studied by GA.

The core, traced by 13CO, is denser, extends over a
smaller region, and rotates faster than the envelope. The
derived moment of inertia, angular momentum, and spe-
cific angular momentum are 5.8 X 10~* M(D pcz, 2.1%x1073
Mg km s~ pc, and 7x 1073 km s~! pc, respectively. For
a 0.2 pc diameter region, this rotation is consistent with the
virial stability of an 72 or steeper gas density distribution,
as shown by GA.

Within the core region rotational, turbulent, and mag-
netic energies appear to be roughly comparable at about
8% 10% ergs (with the magnetic energy scaling as [B/4
uGJ?, and the turbulent energy computed from the C*0
line fitting of Sec. 3.4.4, below). Thermal and gravitational
energies are about 2-3 times larger. This places a fairly
firm upper limit of about 7 uG on the mean magnetic field
strength within the core region if the magnetic field self-
energy is to be smaller than the gravitational potential en-
ergy.

Hence, the angular momentum content is not so high as
to demand disruption of the cloud, nor so low as to allow
the unimpeded collapse of the cloud core or envelope. This
suggests that the cloud has existed long enough to reach
rough equilibrium between rotation, turbulence, and em-
bedded magnetic field strength. We infer that the cloud
must be at least several sound crossing times old, that is,
the minimum age of the cloud is several million years.
Note that the rotation periods of the core and envelope are
2 and 4 million years, respectively.

3.4 CO Line Profile Analyses

The CO, 1’CO, and C"®0O spectra have been obtained
with exceedingly high velocity resolution and with good
signal-to-noise levels. The line profiles at some positions
are simple and Gaussian, while at other positions they are
clearly composed of multiple line-of-sight components
which overlap and sometimes self-absorb. In this section,
we present some of the spectral line profiles and carry out
two distinct analyses of all of the profiles. The first uses
multiple Gaussians to fit the observed line profiles. These
fit parameters are used to characterize the dynamical na-
ture of the cloud in some detail. This analysis suggests that
the number of distinct velocity features is large and that
the regions producing the individual features are mostly
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FIG. 13. Three CO spectra obtained towards different regions in
LBN 11, chosen to highlight different line profile shapes. The
positions observed are indicated to the left of the spectra as
(Aa,A8).

subsonic in their internal kinematics. It also indicates that
the cloud may be differentially rotating. The second anal-
ysis involves constructing channel maps of the cloud from
the CO and *CO spectra. In these maps, many features are
resolved in space and velocity, allowing a catalog of cloud
clumps to be generated.

3.4.1 Spectral line profiles

Figure 13 shows three observed CO line profiles in LBN
11. In the uppermost spectrum, the CO line is singly
peaked, has a velocity width of about 0.5 kms™'
(FWHM), and a centroid velocity of 2.4 km s~ !. The low-
ermost spectrum typifies the double lines also seen in the
globule, with velocity separations of the peaks in excess of
the FWHM widths of the individual components. The
depth of the line emission between the peaks, and the shape
of the central dip tend to rule out simple self-absorption for
the spectrum shown and instead imply that along this line
of sight, at least two distinct velocity components are
present. The central spectrum in the figure reveals the com-
plex nature of other well-resolved lines. The flat top of the
line may be due to opacity effects or to the blending of two
components. The wings of the line are dissimilar: the fast
rise at low velocities is not mirrored in the slower, high
velocity decline, on whose slope a marginally significant
bump at 2.9 km s~ ! is also seen.

Although by no means simple, the *CO lines are some-
what easier to interpret, probably because of their lower
optical depths. Three 1*CO line profiles from LBN 11 are
shown in Fig. 14. The uppermost contains a line which is
very Gaussian and symmetric; it has a width of about 0.38
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FIG. 14. Same as Fig. 13, but for '*CO spectra from LBN 11,
also selected to highlight diverse spectral line profiles.

km s~ and a center velocity of 2.4 km s~ . This line is also
very strong (as are many of the 3CO lines), indicating that
along some lines of sight, the '3CO opacity is very large at
certain velocities. The middle spectrum is composed of at
least two components. One is strong and centered at about
2.4 km s~ ', the other much weaker and centered at a lower
velocity. In the lowermost spectrum this situation is re-
versed: the strong component is at 2.1 kms~! and the
weaker one at a higher velocity.

The CO, and *CO, line profiles clearly exhibit the pres-
ence of multiple gas components for this cloud. Addition-
ally, at positions where the lines are single, or have well-
separated components, the component lines are themselves
very narrow and Gaussian. The simplest explanation for
this is that the cloud consists of numerous, kinematically
simple units, moving in the collective magnetic and gravi-
tational fields of the globule; the more complex line profiles
would arise from the blending of these components along
certain lines of sight. To pursue this picture, we attempted
multiple Gaussian fitting of the cloud spectral line profiles.
However, the presence of self-absorptions could confuse
the interpretation of these results, and we turn to this issue
next.

3.4.2 Self-absorption mapping

Self-absorptions in CO occur when cooler foreground
gas absorbs photons formed deeper inside the cloud. Usu-
ally, self-absorptions indicate regions of very high optical
depth, as are often seen toward dense cores, protostars, or
YSOs. In Bok globules, self-absorptions occur frequently,
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FIG. 15. CO and CO spectra from the same region, showing
the presence of strong self-absorption of the CO.

because the spectral lines are narrow, and because de-
creased excitation temperatures occur readily at the cloud
periphery.

We searched LBN 11 for self-absorptions in the CO
spectra, identifying them by the presence of a significant
detectable dip near line center and a corresponding peak in
the 1*CO line nearest the CO position (recall that the CO
and *CO maps were collected on slightly different grids—
see Sec. 2.3). Figure 15 shows a comparison of the CO line
seen toward the (2,—1) position and the *CO seen toward
(1.7,—1.2). The CO line shows a central dip of about 0.8
K (T%*) at a velocity of 2.44 km s~!. The °CO line there
is as strong as the CO shoulders, indicating that the Bco
line must also be optically thick. The presence of a >*CO
peak close in velocity to a CO dip is the signature of self-
absorption of the CO.

Self-absorptions were clearly identified or strongly sus-
pected toward about 20 positions in LBN 11. The mean
velocity of the absorbing material was determined at each
location from the CO spectra. The positions identified gen-
erally delineated two distinct simply-connected regions,
whose properties are summarized in Table 6. The centers
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of the regions are listed as offsets of RA and Dec (columns
2 and 3) from the CO mapping center, the mean self-
absorption velocity for each region is listed in column 4,
and the dispersion in the self-absorption velocities for each
region is listed in column 5. Note that the two regions are
distinct in velocity. Finally, the semimajor and semiminor
extents, and rough position angles of each region are listed
in the last columns of the table. The mean diameters of
these regions are 0.05 pc, about the same size as the SO and
CS emitting regions.

While self-absorption can affect the number of compo-
nents identified in a CO line profile, that number can only
be in error by unity: we see no cases of multiple self-
absorptions within individual CO spectra. However, the
number of visually identified components in some of the
multipeaked CO lines exceeds five. Also, in Fig. 14 we
already presented evidence that the less optically thick
BCO lines often show multiple line components.

3.4.3 Line profile fitting

We conclude that even with self-absorption artificially
generating CO line multiplicity, there are bona fide multi-
ple components in the CO and '*CO profiles. We therefore
performed multiple Gaussian fitting of all of the resolved
spectral lines in LBN 11. The approximate centers and
widths and numbers of components in each line were
noted, and a program performed a nonlinear least-squares
fit, returning Gaussian parameters and their uncertainties
for each component, as well as the overall noise level of the
residuals.

The fitting for each spectrum was begun using a single
Gaussian. The residuals from that fit were then examined
for the presence of excess emission or absorption (which
would indicate that another component was likely
present). If any was found, the fitting was repeated using
two Gaussians, both fit simultaneously. The process of ex-
amining the residuals was repeated. If significant residuals
were found, the fitting was tried again using three Gaus-
sians. No fits with more than three Gaussians were per-
formed, even though a few of the CO lines showed (gen-
erally weak) evidence of four or five components.

Figure 16 shows the observed spectrum, best fit, and
residuals for the 13CO line seen toward the (—0.5,—0.5)
position. Here only two Gaussians were needed to create a
residual spectrum which is featureless across the emission
line. The model Gaussian line center velocities for the fea-
tures are 2.140.01 km s~! for the stronger component
and 2.78+0.05 km s~ ! for the weaker one. The widths are

TABLE 6. Summary of CO self-absorption regions.

Region A RA A Dec Visr oy a b P.A.
Number [arcmin] [km s™1 ] [arcmin)] [°]
& (2 (3 (4) ©) (6) (M ®)
SA-1 -2.5 -1.5 2.24 0.10 1.2 0.7 +30
SA-2 3.0 -1.5 2.44 0.11 1.0 0.6 —30
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FIG. 16. Composite of several spectra illustrating the multiple
Gaussian fitting analysis. In the uppermost spectrum, the solid
line traces the observed '*CO spectrum seen toward the (—0.5,
—0.5) position. The middle spectra show the two model Gaus-
sians fit to the observed spectrum. The dashed line in the upper
spectrum superposes the combined model fit with the observed
data. The residuals (observed minus fit) are shown as the low-
ermost spectrum. For this position, the two Gaussian fit provides
an excellent representation of the observed line profile.

0.58+0.03 kms™! and 0.37+0.12 km s, respectively.
Note that the fitting returns highly precise central veloci-
ties (sometimes as low as 4-5 m s~1). The rms value of the
residuals for this fitting was 0.10 K.

Overall, the multiple Gaussian fitting of all of the re-
solved spectra returned a mean CO residuals rms of 0.24
K, while for 3CO it was 0.15 K. These are virtually iden-
tical to the rms values of the portions of the spectra not
showing line emission; hence the Gaussian fitting provides
excellent line profile models. For the 14 C0 lines, the
mean residual rms was 0.063 K, and for the HCO™ lines,
the average was 0.029 K.

3.4.4 Analysis of the line profile fit results

The multiple Gaussian fitting created model line profiles
which were excellent representations of nearly all the CO,
Bco, €0, and HCO™ spectra. This was not merely due
the large number of fit parameters. Because the observed
spectra are highly dispersed, the number of spectral chan-
nels with line emission greatly exceeded the number of fit
parameters. For example, by specifying only six parame-
ters, all 20 channels containing line emission for the 3CO
spectrum of Fig. 16 were well fit. This suggests that we
may treat the model fit components as representing bona
fide physical components of the gas velocity distribution
along each line of sight. Thus, for the spectrum of Fig. 16,
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FIG. 17. Histograms of Gaussian component linewidths for the
CO line profile fitting analysis. The histograms are separated
vertically into four bins by their peak line strengths. The bottom
histogram includes only those fitted Gaussian components whose
strengths were less than 1 K 7%, while the uppermost histogram
shows only the linewidths for components with line strengths
greater than 3 K. Note that the widest fitted components gener-
ally occur for the strongest lines, as would be expected for sat-
uration broadening of the very optically thick CO line.

we identify the two fitted model Gaussians as delineating
two distinct gas components along that direction, each pos-
sessing identifiable mean velocities and gas velocity disper-
sions.

For optically thin molecules, this process is straightfor-
ward. However, line transfer effects in the optically thick
CO line make such interpretations riskier. As a partial
justification for treating the analysis of the CO lines on an
equal footing with that of the *CO lines, we point out that
both species independently exhibit evidence of many of the
same gas components, as described below. In what follows,
we treat the fit results as representing legitimate, physical
descriptions of the gas in LBN 11, and we proceed to
determine the properties of the cloud components delin-
eated by the Gaussian analysis.

For each molecule, all the fitted components were con-
sidered independent and histograms of the properties of the
individual components were generated. Figure 17 shows
multiple histograms of the fitted CO linewidths (FWHM),
classified according to their fitted peak temperature. The
bottom histogram shows how CO components with fitted
peak temperatures below 1 K (T%) are distributed in
linewidth. Most were very narrow, displaying characteris-
tic widths of about 0.2 km s~ . However, some of the weak
lines have widths greater than 0.5 km s~!. For lines in the
1 to 2 K range, there were fewer narrow and wide lines,
with most fitted widths lying between 0.2 and 0.6 km s~ .
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FIG. 18. Similar to Fig. 17, but for the '*CO linewidth distribu-
tions, again separated into four intensity bins. Here the lines do
not seem to broaden as much with increasing intensity as seen in
the CO, indicating that the '*CO lines are less saturation broad-
ened.

For the stronger lines in the two histograms at the top of
the plot, the lines are characteristically wider, with a mean
near 0.6 km s™! for the strongest lines.

Figure 18 shows the analagous diagram for *CO. Here
observations were made at fewer positions and there are
fewer components, so the histograms are less well popu-
lated. Still, the faintest lines show a preponderance of nar-
row components, while the strongest lines have widths
closer to 0.6 km s~ 1. The C'®0 diagram of linewidths, Fig.
19, shows very little variation of linewidth with line tem-
perature. Instead, the C'*0 components show mean widths
of about 0.2-0.25 km s~!. The C!®0 is certainly optically
thin and will reflect the extent of the true velocity field
within the gas component it samples. The mean FWHM
width for all C'%0 components, weighted by the inverse
square of the uncertainty in the widths, is 0.224 km s~ .
Following Dickman & Clemens (1983), the maximum tur-
bulent velocity dispersion o (correcting for the thermal
motion of the C*0 at 10 K) implied by this linewidth is
0.078 km s~ . Hence, the ratio of turbulent-to-thermal mo-
tions in these components is around 30% (Mach number
0.30)—these components contain only subsonic turbulence.

An interpretation of Fig. 17, the distributions of CO
linewidth, can be made on the basis of a simple saturation
broadening model. As the CO becomes optically thick, if
the intrinsic line shapes are narrow Gaussians with widths
similar to those seen in the C!®0 lines, the CO lines will
broaden, developing flatter tops until self-absorption begins
to split single components into two peaks. The shift of
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FIG. 19. Similar to Figs. 17 and 18, but for the C'*0 linewidth
distributions, for three intensity bins. Here, there is no change of
linewidth with intensity, indicating that the lines are all optically
thin. The linewidths found are clustered about means of 0.25
km s~!, implying that the gas probed is very quiescent.

linewidth to larger values as the line temperature increases
is the expected signature of saturation-broadened CO.
Some of the weakest CO line components are probably
misidentifications of a combination of spurious noise chan-
nels, non-Gaussian line edges or wings (although satura-
tion broadened lines develop line edges which are sharper
than unbroadened Gaussians), and extra components gen-
erated by self-absorptions. However, some of the weak CO
lines may indicate the presence of gas components which
are optically thin in the CO line.

Interpretation of the '>CO lines within the optical depth
broadening model is more problematic. The variation of
width with line temperature is less dramatic in the *CO
(Fig. 18) than in the CO. However, the mean *CO widths
found for the stronger lines are almost as large as their CO
counterparts. If the 3CO lines are much less saturation-
broadened than the CO lines, they ought to be narrower
than the CO lines (see discussion in Dickman and Clem-
ens). The *CO lines certainly have optical depths up to 2,
but not the 100-200 expected of the CO. One partial res-
olution of this difficulty may be obtained by allowing the
internal velocity field within each component to have a
substantial systematic component (expansion, contraction,
or rotation).

3.4.5 Rotation revisited-

locity coherence of Gaussian components

In the analysis of the rotation of the cloud presented in
Sec. 3.3, the velocities used to describe the gas along each
sampled line of sight were the emission-weighted means.
These had typical uncertainties of 80 m s~'. However, the
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FIG. 20. Plot of the Gaussian fitted component velocities of *CO
vs offset along the minor axis of the cloud. The physical rotation
gradient across the central 4 arcmin is 5 km s~! pc~!. Outside
the central 4 arcmin, the envelope is either not rotating, or
weakly counter-rotating.

Gaussian component fitting analysis returned central ve-
locity uncertainties closer to 20 m s~ ! and often much less.
If we provisionally accept their validity, these lower uncer-
tainties allow us to probe the rotation of the cloud to a
much finer level.

To do so, two cuts through the cloud were constructed,
one along the previously identified rotation axis (the “ma-
jor axis”) and one perpendicular to that axis (‘“‘minor
axis”). The cuts were chosen to pass through the refined
cloud center at (Aa, AS)=(1'5, —1!5). All of the fitted
Gaussian components lying within 1.5 arcmin of each cut
were included, with distance along the cut computed for
each observed position. The component velocities were
then plotted versus position along each cut.

The *CO components are particularly easy to interpret.
Figure 20 shows the fitted velocites of the Gaussian com-
ponents versus distance along the minor axis. The error
bars reflect the fitted uncertainties. Components whose ve-
locites were less than 2.1 or greater than 2.7 km s~ ! were
suppressed in the figure. (These are few, show much
weaker line strengths than the ones used in Fig. 20, and do
not seem to partake in the organized motion revealed in
that figure.) Along the major axis, there is little organiza-
tion, and no gradient indicative of rotation.

Along the minor axis, there is clearly a strong gradient
in the inner 4 arcmin (0.13 pc), whose value is about 5
km s~! pc~!. This value should be compared to the value
of 3.6 for the entire >CO region listed in Table 5, and to
the value of 6.5 km s~! pc~! obtained from the core spec-
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tra analysis of Sec. 3.2. Outside of the inner 4 arcmin, the
velocity shift is either absent or perhaps even shows an
opposite gradient. If taken at face value, this rotation curve
strongly suggests that the core of LBN 11 is rapidly rotat-
ing. It also suggests a stationary or even counter-rotating
envelope.

The fact that the Gaussian fit analysis revealed rotation
in the core of LBN 11 of similar magnitude and direction
as found in the coarser rotation analyses should be taken as
partial verification of the authenticity of the line fitting
technique. Also, counter-rotation in molecular clouds has
been alleged before (Young et al. 1981) and studied theo-
retically (Mouschovias & Paleologou 1979; Gillis et al.
1979). Such differential rotation would reduce the magni-
tude of the rotational gradient found by global solid body
fitting (Sec. 3.3) below the values found from spatial-
velocity probes, as in Fig. 20.

Direct analysis of the rotation curve under the assump-
tion of simple Keplerian motion (i.e., ignoring the mag-
netic field) can be performed to indicate something about
the distribution of mass in the core. The minor axis rota-
tion curve was rectified and folded to yield an average
rotation law for the core of LBN 11 traced by this collec-
tion of *CO components. Two results of the analysis are
worth noting. First, the solid bodylike rise of the rotational
velocity is direct evidence of a central hole in the mass
distribution. Second, the decay of the rotation curve after
the peak velocities are attained is very fast and implies an
outer limit to the mass distribution of about 1-1.5 arcmin
from the center. Thus the '*CO-traced gas in this rapidly
rotating component is distributed predominantly at a fixed
distance of about 0.03 pc from the kinematic center of the
cloud. The azimuthal distribution of the matter is probed
via channel maps (Sec. 3.4.6) and seems consistent with
either two central clumps or a ring of gas, whose orbital
plane is mostly parallel to the line of sight. Still under the
Keplerian assumption, the total mass involved in the rap-
idly rotating *CO core is about 0.35 .# , which is similar
to that found in the 3CO clumps (see below), and in the
CS and SO analysis (Sec. 3.2).

3.4.6 Channel maps—feature catalogs

The next analysis was performed with the intention of
spatially resolving the individual gas components. To do
so, contour maps of emission toward LBN 11 for fixed
velocity intervals (channels) were constructed from the
CO and 13CO spectra. The contour levels of the maps were
selected to reflect steps of 20 (0.5 K for CO and 0.3 K for
BCO). Significant line emission spanned about 40 channels
in the spectra; hence, that number of maps was created for
each species. Figures 21 and 22 each display nine of the
maps constructed for each molecule. The individual maps
are presented on the same angular scale as the CO isotopic
maps displayed earlier. Figure 21 shows the CO emission
in channels centered at the velocities listed in the lower left
corner of each panel. In the middle row of three panels, the
velocities differ between neighboring panels by 0.195
kms~!, or three channels. Significant differences in the
spatial distribution of the emission can be seen. The *CO
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FIG. 21. Channel maps of the CO emission seen in nine of the spectral channels. The channel central velocity in km s~! is
indicated in the lower left corner of each map. The contours begin at 0.5 K and are stepped by the same amount.

channel maps in Fig. 22 were chosen to closely match the
displayed CO maps in velocity (but unavoidably differ
slightly, due to the different Doppler widths of the fixed
frequency channels).

Self-absorption of the CO can be seen in these maps: in
the centermost maps, the brightest 1*CO feature is almost
perfectly placed between the two central CO features. Ev-
idently, the CO suffers from absorption at this velocity in
the direction of the peak '*CO emission, leading to the
depression of the CO contours and the bifurcation of the
local CO emission into two apparent peaks. This position
and velocity correspond to self-absorption region SA-1
(velocity 2.24 km s 1) listed in Table 6.

Individual features were noted in each channel map and
followed across neighboring maps to build a spatial and
velocity profile for each resolved feature. A feature was
deemed present in a map if it had two concentric contours
(40) with at least 270° contour closure. Thus, for example,
the centermost panel of Fig. 21 indicates the presence of

four individual features. Moving three channels higher in
velocity (right, center map) all four features are still
present, but at different intensity levels, and at somewhat
different locations. Once a feature was found on an indi-
vidual channel map, the feature was characterized by its
peak location, peak temperature, extents in major and mi-
nor axis directions, and the position angle of its major axis.

Features were followed in velocity (across different
maps) until they could no longer be identified. The mean
properties of each object were then computed by averaging
the individual measurements made in each channel map
containing the feature, weighted by the peak emission seen
in the map times the area of the feature in the map. In this
way, the properties are weighted by something approach-
ing the velocity distribution of mass.

The cataloging of features on maps and linking of fea-
tures across maps was performed separately on the CO and
BCO channel maps. Tables 7 and 8 present summaries of
the properties of the features found to exist across more
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FIG. 22. Channel maps of the '*CO emission seen in nine of the spectral channels. These maps differ from the CO maps in
having significant emission over a smaller range of velocities and in having many fewer identifiable clumps of emission. The
strong '>CO rotation can be seen as a displacement of the location of emission southward as the velocity is increased.

than two consecutive channel maps. Since the features are
mostly resolved spatially and are certainly resolved spec-
trally, it seems plausible to identify these features as inde-
pendent gas features or “‘clumps” in the cloud. In the ta-
bles, the first column lists the R.A.-ordered clump
identifying number. The second and third columns list the
approximate centers of the clumps in relative offsets from
the CO mapping center position. The fourth column lists
the emission-weighted mean velocity for each clump, and
the fifth column lists the similarly-weighted velocity dis-
persion about the mean velocity. The unweighted peak
temperature of the clump is listed in column (6).
Emission-weighted semimajor and semiminor extents and
position angles are listed in columns (7) through (9). In
the last column, labeled “Notes,” we indicate if a clump is
likely affected by self-absorption (for the CO), and
whether there is a corresponding clump in the other table.

Three of the eleven CO clumps have '3CO counterparts.

All three of the *CO clumps have CO counterparts. The
internal velocity dispersions of the clumps have means
which are 50% of the thermal dispersions of hydrogen and
helium gas at 10 K—we expect that these objects are the
subsonic components found by the spectral line fitting. The
cataloged clumps also do not account for all of the emis-
sion seen. There is a significant extended emission back-
ground in the CO maps; in the 1*CO maps a background is
also present but is much fainter (see below).

The clump extents were used to compute mean diame-
ters (2 \/EI; ) for each cataloged object. Figure 23 shows the
resulting size histograms for the CO and *CO clumps.
There seems to be a preferred size range for the clumps of
about 0.1-0.2 pc, which is remarkably similar to the scale
found in the magnetic field correlation analysis (0.1-0.2
pc, Fig. 3). The telescope beam size and resolution of the
millimeter mapping grid steps set a lower cutoff of about
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TABLE 7. Summary of CO clump properties.

Clump ARA ADe Visg oy T% a b PA. Notes
Number [arcmin] [km s K] [arcmin] [°]

(1) (2) (3) 4 B ® (M @

co-1 -31 1.9 265 0161 3.2 246 18 +90

co-2  -19 0.3 220 0164 35 379 249 0 Cl3-1,a
CO-3 0.1 -05 206 0079 3.8 243 202 +18

CO-4 0.8 —1.7 261 0234 44 275 184 -8 Cl3—2,a
CO-5 1.2 1.9 295 0124 23 312 204 +18

CO-6 2.2 1.8 1.90 0.051 4.1 2.30 2.08 +90

CO-7 3.8 -19 257 0117 32 143 137 -11 a

CO-8 40 04 208 0058 38 276 2.14 0

CO-9 41  -21 233 0069 38 264 1.52 0 C13-3(7),a
CO-10 7.2 24 187 0.150 56 4.55 228 +63

CO-11 7.9 3.8 235 0130 23 241 1.72 +46

Notes:

a : Clump properties likely affected by spectral self-absorption (see text).

C13-n : Feature matches to *CO feature number n (see Table 8).

0.03-0.05 pc in our observations, so the peaks in the his-
tograms are likely to be real.

The position angles of the major axes of the clumps
show some degree of alignment with the direction of the
local magnetic field. Figure 24 summarizes the histograms
of angular differences between the position angles of the
CO and CO clumps and the direction of the local mag-
netic field, as traced by the optical polarization measure-
ments. The horizontal axis is the acute angle between the
major axis of each clump and the local magnetic field di-
rection. In the lower panel of the figure, two cartoons in-
dicate the relative clump-magnetic field alignment for the
horizontal axis extremes. The histograms show that there
is a tendency for the CO clumps to be oriented either par-
allel or perpendicular to the magnetic field direction, while
the 3CO clumps show a weak tendency for intermediate
orientation. Perpendicular orientations (angle=90°)

would be expected for gas clumps condensing along mag-
netic field lines.

No clumps were found to have significant rotation, al-
though the technique for identifying clumps would tend to
be insensitive to all but the most rapid rotation. A check
for whether the individual clumps were participating in the
general rotation of the cloud was also performed. The po-
sitions of the clump centers (from Tables 7 and 8) were
used to predict the local cloud radial velocity, given the
solid body rotation of the CO and '*CO listed in Table 5.
Differences between observed and predicted clump veloci-
ties were then computed. For the CO clumps, the mean
difference was very small, 23 m s~!, but the dispersion of
the differences was 0.36 km s~!. The 13CO clumps showed
about the same mean and dispersion seen in the CO
clumps.

We interpret these results to imply that the individual

TABLE 8. Summary of '>)CO clump properties.

Clump ARA ADec Visgr oy

T a b PA. Notes
Number [arcmin] (km s~ K] [arcmin] [
1 (2 ®) @ ¢ 6 @O 6 @
C13-1 -1.5 -0.5 210 0.136 29 267 1.72 —-47 CO-2
C13-2 0.9 —-2.2 272 0163 31 230 139 -7 CO-+4
C13-3 2.1 -1.0 226 0204 33 257 165 —67 CO-9(?7)
Notes:

CO-n : Feature matches to CO feature number n (see Table 7).
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FIG. 23. Distributions of clump diameters of the CO and >CO
clumps identified in the channel map analysis. This figure has
the same horizontal axis as Fig. 3.

clumps are relatively quiescent, and that as a population
they partake of the general cloud rotation. However, indi-
vidual clumps are also likely to have transsonic orbital
motions within the nonclump gas in LBN 11, if the non-
clump gas is as cool as the clump gas. Additionally, there
were two clumps (CO-1 and CO-5) which had very high
velocities relative to the cloud rotation, in the range 0.4 to
0.8 km s~ It should be noted that although these veloci-
ties are transsonic they are not trans-Alfvénic (Alfvén ve-
locities are ~0.5-0.6 km s~ ' in the cool CO gas).

There are fewer clumps seen in '*CO, and they are more
centrally located than those seen in CO. The CO is much
clumpier, and the clumps span a larger range of cloud
locations and velocities. In this sense, CO is more strongly
clumped than Bco. Earlier, we showed that 1*CO traced a
higher cloud rotation rate than CO, and that the velocity
extent of the 13CO emission was smaller than that of the
CO emission. Taken together, these findings can be recon-
ciled by a picture of a cloud core delineated by '*CO which
is relatively detached from the ambient magnetic field,
whose clumps are poorly aligned with the ambient mag-
netic field direction as a consequence. The surrounding
cloud envelope, as traced by CO, is highly clumped, slowly
rotating, and exhibits clump orientations which are well
aligned with the strongly coupled ambient magnetic field.

In order to estimate the ratio of CO and *CO emission
in identified clumps to the total molecular emission, the
total emission for each clump was estimated. Each clump
was assumed to be a two-dimensional Gaussian ellipse in
the plane of the sky, and to have a Gaussian line profile.
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F1G. 24. Distributions of the differences between the clump elon-
gation directions and the local magnetic field (mean stellar po-
larization) directions.

The relevant elliptical axes sizes and linewidths used were
those tabulated in Tables 7 and 8. The total emission de-
tected for each molecule was obtained from the integrated
emission images represented in Figs. 5 and 7.

CO clumps were found to contain about 25% of the
total CO integrated emission, while 3CO clumps ac-
counted for about 50% of the total integrated emission in
that species. We infer that significant emission is likely
present on both larger and smaller size scales than those of
the identified CO and *CO clumps.

Individual clump masses were estimated in a similar
fashion. We assumed that the roughly 2 .# ¢, of gas traced
by CO followed the clump emission fraction by having
about 0.5 # , (25%) residing in the CO clumps, and we
apportioned this mass based on the relative integrated
emission calculated for each clump. Similarly, the Bco-
based mass of 1.48 .#, was assumed to have about 0.74
M o in clumps. The range of clump masses found was
0.012 to 0.34 .# , with log-based means of 0.24 .# , for
the *CO clumps and 0.03 .#;, for the CO clumps.

In summary, the CO and CO clumps found have
masses around 0.03 to 0.2 .# o, gas temperatures of 8-10
K, radii of about 0.08 pc, linewidths of about 0.2 km s
and mean H, volume densities of roughly 250 cm ™~ for the
CO clumps and about 2000 cm™* for the *CO clumps.
The CO clumps are thus much smaller than the Jeans size
for this density and are unlikely to be gravitationally bound
objects. If they are density or velocity fluctuations in the
cloud, their lifetimes will likely be of the order of their sizes
divided by the sound speed of the gas, yielding about 0.3
million years, or their sizes divided by the Alfvén speed,
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yielding about 0.15 million years. For LBN 11, which we
estimated to be older than a few million year (Sec. 3.3),
that implies that the CO clumps are transitory and recur-
ring.

3.5 The Nature of the Clumps

The multiple components seen in the CO and '>CO line
profiles and the spatial localization of those components in
the channel mapping analysis both indicate that the gas in
LBN 11 is not distributed either uniformly or simply.
However, the exact physical nature of the spectral and
spatial features is not instantly obvious. These features
could be bona fide regions of enhanced gas density, tem-
perature, or molecular abundance. Or, they could repre-
sent coherence features in the line-of-sight velocity field,
with no corresponding localized increase in gas density or
other physical property. Such velocity coherence could
represent a traveling or stationary wave phenomenon, gen-
erated with or without intervention of the magnetic field.

The gas “clumps” we have identified seem to fall into
two categories: those in the lower density CO gas; and
those in the high density gas in the cloud core. The lower
density CO clumps are more numerous, seem mostly
present in the cloud periphery, and have fewer *CO ana-
logs. The higher density '*CO clumps are fewer, are
present in the core, and all have CO analogs, as well as CS,
SO, and self-absorption analogs (see Sec. 3.6, below).

We believe that the '*CO clumps represent true density
enhancements in the cloud core, and are not transitory
phenomena: the strong variation of velocity with position
in the 13CO core, if due to unbound motion, should dissi-
pate the core in a fraction of a crossing time. Instead, we
interpret the core rotation and the *CO clump locations to
indicate the presence of either a pair of dense clumps, a
ring of dense gas, or a cylinder of dense gas. Theoretical
studies of cloud collapse with rotation often find that sim-
ilar structures quickly evolve into two blobs of self-
gravitating gas (for example, see Boss 1986). This raises
the possibility that we are witnessing the formation of a
protobinary in LBN 11; if so, this would be the earliest
such identification. Friction due to gas collisions or mag-
netic braking could remove angular momentum from the
currently widely separated clumps, leading to the future
formation of a closer, low mass binary star system.

The CO clumps, by contrast, do not appear to be sig-
nificant density enhancements in the gas. Their somewhat
errant velocites with respect to the locally rotating cloud
gas seem to indicate that they may represent supersonic
perturbations. However, simple supersonic gas motions
should quickly damp out by shocking and heating the gas.
The very uniform magnetic field in the periphery of the
cloud may permit Alfven waves to be driven into the cloud
envelope at velocites (~0.5-0.6 km ) higher than the
sound speed, even for modest magnetic field strengths (few
u Gauss). The possible correlation of the sizes of the CO
clumps and the size scale of the magnetic field directional
dispersion would then have a natural interpretation in
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FIG. 25. Comparison of SO, CS, *CO emission re-
gions and one region of CO self-absorption in the cen-
tral region of LBN 11. Two ellipses drawn with thin
lines indicate the approximate locations and extents of
the two *CO clumps which overlap this region. The
thickest lined ellipses indicate the locations and sizes
of the SO emitting regions (see also Fig. 10). Thinner
ellipses indicate the CS emitting regions and the CO
self-absorbing region SA-2.

terms of Alfvén waves propagating through the cloud en-
velope.

3.6 Future Star Formation Sites?

The distribution of the densest gas in the cloud, as
traced by CS and SO, is shown in Fig. 25 in cartoon form.
The ellipses depict the distributions, sizes, and orientations
of the *CO clumps, SO and CS emitting regions, and one
of the self-absorbed CO regions in the core of LBN 11. The
visual impression is that the CS and SO and self-absorbed
CO gas—that is, all the densest gas—is generally distrib-
uted within the *CO clumps, and along a line whose po-
sition angle is about —60° (within 30° of the rotation axis).
The locations of the CS and SO regions at the centers of
the strongest >CO emitting regions confirms that the two
are related, with the CS and SO tracing the densest gas
contained in the *CO clumps. These are likely to be the
sites of any current or future star formation in the globule.

4. SUMMARY

In order to investigate the relationship between embed-
ded magnetic fields, cloud structure, and star formation,
we have performed a multiwavelength study of the nearby
small Bok globule LBN 11 (distance ~110 pc, size ~0.3
pc). Optical polarimetry of background stars was used to
characterize and trace the embedded magnetic field direc-
tion. High-dispersion CO isotopic mapping was used to
determine the radial density distribution of the gas, to mea-
sure cloud rotation, and to identify individual cloud gas
clumps. CS and SO mapping revealed dense cores within
the 1*CO clumps.
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Analysis of co-added JRAS images reveal the cloud to
be free of current or recent star formation: there are no
infrared point sources of sufficient flux or proper colors to
signify young stars associated with the cloud. Extended
emission from the cloud was detected by IRAS, revealing a
single central core region and dust temperatures at or be-
low 21 K. The dust traced by IRAS is underluminous com-
pared to the emission predicted for a similar-sized cloud
embedded in the standard interstellar radiation field.

A magnetic field is clearly associated with the cloud, as
revealed by the high levels of linear polarization exhibited
by the sixteen background stars we observed. The magnetic
field is unusually uniform, and possesses a directional dis-
persion ( <6°) much smaller than that seen in any other
molecular cloud studied to date. The field is parallel to the
nearby Galactic magnetic field and almost parallel to the
rotation axis of the cloud. The magnetic field of the cloud
also exhibits a characteristic directional length scale
(~0.1-0.2 pc).

The molecular line mapping data were analyzed to de-
termine the mass, structure, and kinematics of the cloud.
The mass is extremely low, about 2 .# o €O and Bco
integrated intensity maps reveal a single cloud core region
and a mean gas temperature of 9-10 K. The cloud exhibits
bulk rotation in both the CO and >CO lines. The radial
dependence of the gas density is similar to 73, with peak
volume densities in the core of about 3 10* H, cm 3. This
value is similar to those returned from analyses of the CS
and SO maps of the core region, indicating that there is no
hidden dense gas missed by '*CO probes. There are, how-
ever, some unresolved chemical abundance questions, one
related to the exceedingly weak HCO™ lines, another re-
lated to the dissimilar spatial distributions of CS and SO.

The molecular line maps show the cloud to be extremely
clumpy. This condition is surprising, in view of the iso-
lated, quiescent nature of the globule, and has not been
seen previously in so small a cloud. Clumps were found to
range in size from 0.2 pc for the largest CO clump to about
0.04 pc for the smallest CS feature. There appear to be two
different populations of clumps. Those seen in the gas
traced by CO are more numerous, tend to exist in the cloud
envelope, have small individual masses ( ~0.02 .# ), and
seem to be unstable fluctuations. Clumps in the gas traced
by *CO are fewer, exist in the cloud core region, have
higher mean densities and masses, and are likely to be
somewhat stable.

2187

Detailed examination of the 1*CO rotation curve of the
cloud shows evidence for strong differential rotation. The
cloud core (r<0.1 pc) is rapidly rotating, perhaps in a
Keplerian fashion produced by a young protobinary or
ring of gas. Exterior to the core, the cloud envelope is
either slowly rotating, or possibly counterrotating.

The size range of the CO and '3CO clumps found (0.1-
0.2 pc) is remarkably similar to the size range found for
the maximum magnetic field directional dispersion. The
CO clumps also exhibit some tendency to align along the
magnetic field. We conclude that at least in the envelope of
the cloud, the magnetic field and the CO clumps are cou-
pled. However, in the core, our analysis of the gravita-
tional, thermal, turbulent, magnetic, and rotational ener-
gies of the cloud do not allow for the presence of a
magnetic field stronger than about 7 uG.

LBN 11 therefore appears to be a star-free, quiescent,
differentially rotating, elongated, clumpy globule, possibly
in the process of developing a protobinary in its core. A
uniform magnetic field laces the cloud envelope, but may
be slipping out of the cloud core, if not already absent
there. In the envelope, the field is well-coupled to the gas,
leading to correlated clump and magnetic field perturba-
tion size scales. Since the gas clumps appear to be unstable,
they may be a result of magnetic field effects, possibly
Alfvén waves.
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