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Abstract. We present high-angular resolution maps of the
$140 molecular cloud in various transitions of the 2CO, *CO
and C'80 molecules and single-channel observations of the
3P, —3P, line of neutral atomic carbon (CI). Velocity channgl
maps of the '2CO lines show a systematic shift of the emission
peak away from the outflow source with increasing velocity off-
set from the line centre. The blue and redshifted outflow lobes
are separated by ~35 arcsec (0.15 pc) in projection and the out-
flow axis is believed to be directed close to the observers’ line-
of-sight. The masses of the blue and redshifted outflow lobes
were found to be 19.5 and 8.1M, respectively, giving a total
mass for the outflow of 27.6M,. The higher J-level '2CO lines
are strongly self-absorbed, with the amount of self-absorption
varying with position across the mapped region.

All the '2CO, '*CO and C'®0 lines show enhanced main
beam brightness temperatures at the molecular cloud/HII re-
gion interface. The '3CO line intensities imply the excitation
temperature increases from ~65-70K at the position of the out-
flow source, to ~250K at the interface region. The CI emission
is mainly confined to a clumpy, elongated ridge-like feature ad-
jacent to the edge of the molecular cloud and is coincident with
a similar feature seen in '>CO line emission. The coincidence
of these features contradicts homogeneous cloud models and is
interpreted as evidence that the molecular material is composed
of dense clumps interspersed with a more tenuous interclump
medium. A second region of intense CI emission is located in-
side a ring of CS emission, implying that '2CO here is disso-
ciated by the radiation field from the embedded infrared clus-
ter and not the external radiation field. Observed positions on
the PDR have significantly higher values of T (CD/ T (B CO)
than for the general cloud, implying N (CI)/N('3CO) is likely
to be significantly higher for positions on the PDR than in the
general molecular cloud.

Key words: stars: early-type — interstellar medium: HII regions
— ISM: radio lines: interstellar — jets and outflows — ISM: indi-
vidual objects: S140

1. Introduction

The complex consisting of the Lynds 1204 dark cloud and the
adjacent S140 HII region lies at a distance of 910 pc (Crampton
& Fisher 1974). The molecular cloud lies to the northeast of a
bright H,, rim (Blair et al. 1978), excited by the nearby (~2 pc)
BO star HD 211880. Within the molecular cloud is an embedded
cluster of three infrared sources (IRS 1, 2 and 3) lying only 70-80
arcsec from the molecular cloud/HII region interface (Beichman
etal. 1979; Hackwell et al. 1982). Previous authors have referred
to the molecular cloud core containing the embedded sources
as S140; throughout this paper we will do the same.

The first detailed molecular line studies of S140 were re-
ported by Blair et al. (1978). They noted broad and asymmetric
line profiles at the position of the '2CO peak, and a sharp dropoff
in the 12CO intensity to the southwest (adjacent to the H, rim).
Subsequent >CO observations identified a high-velocity bipo-
lar molecular outflow (Bally & Lada 1983; Snell et al. 1984b).
High resolution observations of the ?CO J = 1—0 line imply
a 35 arcsec separation between the blue and red lobes, aligned
along the northwest-southeast direction (Hayashi et al. 1987).
Of the three infrared sources in the embedded cluster, only IRS
1 lies on the line connecting the centroids of the blue and red
12CO emission peaks. This, coupled with the fact that IRS1 is
by far the most luminous of the three sources in the far-infrared
and radio continuum, has led to the conclusion that it is the most
probable source of the high-velocity molecular outflow.

There are relatively few well-studied molecular clouds
with associated edge-illuminated ionization fronts, e.g. S155-
Cepheus B (see Minchin et al. 1992 and references therein) and
M17 (see Stutzki et al. 1988 and references therein). Most previ-
ous line and continuum observations of S140 have been unable
to distinguish adequately between the outflow and molecular
cloud/HII region interface due to the lack of angular resolution
(often >1 arcmin) compared to the separation between these
features (70-80 arcsec). This means the position and structure
of the photo-dissociation region (PDR) is still poorly under-
stood. For this reason we have mapped various transitions of
the '2CO, 13CO and C'30 molecules and the 3P;—3Py line of
neutral atomic carbon (CI) at high-angular resolution (9-22 arc-
sec). Comparison of this comprehensive data set with previous
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Table 1. Spectral lines observed

Species | Transition  Freq. Beam Nmb
(GHz) (arcsec)

2Cco0 | J=2—1 230.538 21 0.55
2Co | T=3-2 345796 14 0.55
2Cco0 | T=4—3 461.041 10 0.39
Bco | J=2—1 220399 22 0.6
Bco | J=3-2 330.588 15 0.55
c®o | J=3-2 329331 15 0.55
CI PPy 492.161 9 0.39

line and continuum observations permits the first detailed dis-
cussion of this complex region.

2. Observations

The observations were obtained between November 1987 and
April 1992, using the James Clerk Maxwell Telescope! (JCMT),
located on Mauna Kea, Hawaii. The observing details are given
in Table 1. The 2CO, 13CO and C!30 observations were ob-
tained using receivers A1 (200-280 GHz) and B2 (330-360 GHz)
(both Schottky mixer systems) and these were used in conjunc-
tion with an acousto-optical spectrometer (White 1988). The
telescope was operated in position switching mode, with an off-
source reference 10 arcmin to the south and the east. Pointing
errors were less than 5 arcsec at all frequencies.

The neutral carbon (CI) and '2CO J = 4—3 observations
were obtained using Receiver C1, a dual-polarization hetero-
dyne receiver with InSb detectors (Padman et al. 1992). A
new mapping technique was used for the CI observations, with
the local oscillator frequency being held constant and the tele-
scope raster scanned in azimuth, whilst simultaneously beam-
switching in the scan direction using the nutating sub-reflector.
Several such dual-beam maps of S140 were made, with differ-
ent parallactic angles and chopper throws to give good cover-
age in two-dimensional fourier space. These maps were then
processed using a maximum-entropy algorithm (DBMEM, see
Richer 1992) to give the final RA-Dec map. The DBMEM re-
construction process attempts to deconvolve the dual-beam re-
sponse function from the observed maps. A fuller description
of the CI observational technique and the data processing is

' The James Clerk Maxwell Telescope is operated by the Royal Ob-
servatory, Edinburgh, on behalf of the SERC, the Netherlands Organi-

sation for Pure Research, and the National Research Council of Canada.
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Fig. 1. Line profiles of the (a) '>CO (offset by +15K), *CO (offset by
+5K) and C'80 J = 3—2 transition (b) '2CO (offset by +5K), and '*CO
J =2—1 transition from the (0,0) position of the S140 maps

given in White & Padman (1991). The C'30 J = 3—2 obser-
vations consist of 8 spectra, starting at the (0,0) position and
spaced apart by 10 arcsec, along a line running due southwest
across the molecular cloud/HII region interface. For the rest of
the paper this line will be referred to as the ‘southwestern cut’.

The results presented in this paper have been calibrated in
units of corrected main-beam brightness temperature Tp, (=
TX/mmb) and as such have been corrected for all atmospheric,
ohmic, scattering and spillover losses. Also included is a first—
order correction for sideband gains of the particular mixers.
From observations of Mars we found the beam size for the CI
observations to be 9 arcsec and 7y, = 0.394-0.04. The centre
position (0,0) for each of the maps is aos9 = 227 17™ 429,
5195() =63° 3’ 45",

3. Results

In Fig. 1 we show the line profiles of the J = 3—2 transitions of
12¢Q, 3CO and C!80 and the J = 2—1 transition of 2CO and
BCO at the (0,0) position. The peak values of Ty, for the 12COJ
=2—1andJ=3—2lines are 44+-1K and 41£1.5K respectively,
distinctly higher than the Ty value of 29K reported for the '2CO
J = 10 line (Hayashi et al. 1987) in a similar beamsize (16
arcsec compared to 21 arcsec and 14 arcsec respectively). The
13CO lines have peak values of Tp, = 18.5+1K and 284+1.5K
respectively. Therefore, unlike '2CO, the highest value of peak
T is observed in the J = 3—2 transition. For the C'80 J=3—2
line the value of Ty, for the emission peak is 5.94-0.8K.

The >CO J = 2—1 and 3—2 line profiles are strikingly
similar to those of the J = 1—0 transition at the same position
(Hayashi et al. 1987). Both the '2CO lines are broad, AV ~30
kms~!, extending from Vgg = -24 to 6 km s !, with prominent
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Fig. 2. Greyscale image, with isophotal contours overlaid, of the peak
main beam brightness temperature for the '*CO J = 2—1 transition.
The base level contour is at 4.5K and the contour interval is 2K. The
grid spacing is 15 arcsec and the total number of data points is 113

blue wings and the emission peak at ~ -8 km s'. Such strong
similarities are not to be found between the *CO line profiles.
Hayashi et al. (1987) noted that the '3CO J = 1—0 line profile is
symmetric, whereas our 13CO J = 2—1 and 3—2 spectra show
the presence of broad blue wings, which are most prominent on
the 3—2 line. This is most likely due to the optical depth in-
creasing with frequency, as expected for a species thermalized
at a temperature greater than ~Ey/k. In Sect. 4.3.2 we show
that 7(12CO 3—2) > 7(2CO 2—1) (0.54 as compared to 0.32,
assuming Tkin~67K). As the observed main beam brightness
temperatures are a function of both Tex and 7 along the line-of-
sight, it will be difficult to observe the wings of a line (where the
optical depth is considerably lower than at the velocity of peak
emission) for a transition that does not already have a consider-
able optical depth at the emission peak. This also explains why
the line widths observed for '2CO transitions are far greater
than for optically thinner isotopes. There is no evidence of a
blue wing on the C'30 J = 3—2 line, but, as the optical depth
of this isotope is a factor of 5-10 lower than for '*CO, this is
to be expected. There is a striking velocity difference between
the peaks of the J = 3—2 12CO and the 1*CO and C'®O transi-
tions, with the 12CO line peaking at -5 km s, while the 1*CO
and C'80 lines peak at -8 km s~!. This is discussed further in
Sect. 4.2. '

Figures 2 and 3 show the peak 2CO J =2—1 and 3—2 main
beam brightness temperature over the mapped region. For both
transitions the temperature peak occurs slightly north of the (0,0)
position, close to the infrared sources IRS1 and 3 (Hackwell et
al. 1982). There is a steep decrease in Try, between 60 and 80
arcsec to the southwest of the peak, coincident with the position
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Fig. 3. Greyscale image, with isophotal contours overlaid, of the peak
main beam brightness temperature for the '>CO J = 3—2 transition.
The base level contour is at 3.5K and the contour interval is 2K. The
grid spacing is 7 arcsec and the total number of data points is 105

of the molecular cloud/HII region interface (as delineated by
the H, map shown in Hayashi et al. 1985). Adjacent to the
edge of the molecular cloud is an elongated ridge where Ty,
is enhanced relative to the region 10-20 arcsec northeast of the
ridge and the general cloud temperatures. The ridge feature is
most prominent and elongated in the J = 3—2 map (Fig. 3).

Velocity channel maps of the 2CO J =2—1 and 3—2 inte-
grated intensity from the mapped region are shown in Figs. 4 and
5 respectively. Both maps confirm the bipolarity of the outflow
and closely resemble the '2CO J = 1—0 velocity channel maps
of Hayashi et al. (1987). Maps of the 12CO J = 2—1 and 3—2
integrated emission in the blue and red wings are shown in Figs.
6 and 7 respectively. These maps agree closely to those already
published of the 2CO J = 150 emission (Snell et al. 1984b;
Hayashi et al. 1987). The peaks of the blue and red wings are
offset by ~35 arcsec (~0.15pc), along a line with position angle
~-20 degrees. There is a prominent arc-like, elongated feature
extending to the north of the blue wing emission peak, and both
the red and blueshifted emission peaks are extended along the
southwest-northeast direction. These features have also been
seen in previous '2CO studies (e.g. Snell et al. 1984a, 1984b;
Hayashi et al. 1985, 1987).

Figure 8 is a velocity channel map of the *CO J = 2—1
integrated intensity. The emission is concentrated over a smaller
velocity range than for the '2CO lines, Visg =-12 to -4 kms™2.,
These observations are at poorer angular resolution than the
1200 J = 3—2 line observations (22 arcsec compared to 14
arcsec) so the morpology of the outflow is far less well defined,
but it is clear there is a shift in the position of the emission peak
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Fig. 4. Velocity channel maps of the '?CO J = 2—1 integrated intensity from S140. Each map is a greyscale image with isophotal contours
overlaid. The channel width is 2 km s/, the base level contour is at 2 K-km s~" and the contour interval is 4 K-km s~

with velocity. As for the 12CO observations, the direction of the

shift is along a southeast-northwest direction.

Figure 9 shows a map of the CI *P;—3P main beam bright-
ness temperature in a 1.3 km s~! channel centred at -8 km s~!
(White & Padman 1991). The highest temperatures (<10K) are
observed along a clumpy, elongated ridge-like feature adjacent
to the edge of the molecular cloud that is between 40 and 60 arc-
sec from the (0,0) position and extends for ~120 arcsec along
the southeast-northwest direction. Warm CI is also observed
deeper into the molecular cloud, ~20-40 arcsec to the east of
the (0,0) position, but not at the (0,0) position itself.

4. Discussion
4.1. The bipolar outflow

The morphology of the bipolar outflow, as seen in 2CO emis-
sion, is unusually complex. The elongated blueshifted feature
extending northwest from the emission peak is particularly
prominent in '2CO J = 2—1 emission and over 80 arcsec in
length (~0.36 pc). This feature appears roughly parabolic in pro-
jection, twisting rapidly near the emission peak from northeast
to due north (see Figs 4 and 6). The redshifted emission is also
slightly elongated towards the north, but to a much lesser degree.
This elongated, arc-like feature is prominent at the blueshifted
velocities of Vi gg =-18 to -12 km s~! and the redshifted ve-

locities Vi sg = -6 to 0 km s~!. Figure 6 is directly comparable
with Fig. 3 of Hayashi & Murata (1992), which shows the 12CO
J=2—1 emission over a similarly large area. The morphology
of the outflow implied by both sets of observations is identical.

Similar bright, elongated molecular line features have been
observed around other outflows and are usually interpreted as the
dense walls of outflow cavities. Possibly the most famous exam-
ple of this phenomenon is L1551, which has bright, parabolic-
shaped features either side of the outflow source, believed to
be the cavity walls where the high-velocity flow is mainly con-
fined (e.g. Uchida et al. 1987). The clear separation of the blue
and redshifted 12CO outflow lobes of L1551 is in marked con-
trast to S140, where these features partially overlap (see Figs
6 and 7). The obvious implication is that the S140 outflow di-
rection is close to our line-of-sight, whereas the L1551 outflow
lies almost in the plane of the sky. Further evidence for this is
the small separation between the emission peaks of the outflow
lobes compared to the total extent of the molecular outflow (35
arcsec compared to ~150 arcsec).

Channel maps of the 12CO J = 3—2 emission (Fig. 5) show
a morphology for the inner 40” x40 region of the outflow that
is almost identical to the '2CO J = 1—0 emission, at similar
spatial resolution (14 arcsec compared to 15 arcsec; see Fig. 5
of Hayashi et al. 1987). At extreme blueshifted velocities (-22
to -16 km s—!) the emission peak is at offset (0,-15), moving to
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Fig. 5. Velocity channel maps of the '2CO J = 3—2 integrated intensity from S140. Each map is a greyscale image with isophotal contours
overlaid. The channel width is 2 km s, the base level contour is at 2 K-km s ™' and the contour interval is 4 K-km s~
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Fig. 6. A map of the integrated emission in the blue (solid contours) and ~ Fig. 7. A map of the integrated emission in the blue (solid contours) and
redshifted (dashed contours) wings for the '?CO J = 2—1 transition. redshifted (dashed contours) wings for the >CO J = 3—2 transition.
The blue wing is integrated from -30 to -11 kms ™" and the red wing  The blue wing is integrated from -30 to -11 kms™ and the red wing
from -4 to -10 km s~'. The base level contour is at 35 K-km s~ and  from -4 to -10 km s, The base level contour is at 40 K- km s and
the contour interval is 25 K-km s~ the contour interval is 30 K-km s~
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Fig. 8. Velocity channel maps of the '>CO J = 3—2 integrated intensity
from S140. Each map is a greyscale image with isophotal contours
overlaid. The channel width is 2 km s ™!, the base level contour is at 3
K-km s~ and the contour interval is 3 K-km s~'. The grid spacing is
10 arcsec and the total number of data points is 75

the (0,0) position by Visg = -7 to -5 km s~!. The peak gradu-
ally shifts to the northeast with increasing redshifted velocity,
reaching (-15,+15) by Visg =4to6kms™ ! The systematic shift
of the emission peak with velocity is characteristic of bipolar
outflows and has been observed towards numerous other out-
flow sources, possibly representing an accelerated outflow, e.g.
L1551 (Parker et al. 1991; Fridlund & White 1991). Alterna-
tively, there may be more material at high velocity further from
the outflow source, possibly due to prompt entrainment of the
12CO by a neutral jet (e.g. Richer et al. 1992).

The direction of the bipolar outflow, i.e. the line connecting
the emission peaks of the blue and redshifted lobes (position
angle ~-20 degrees), is perpendicular to the position angle of
infrared polarization (~60-80 degrees) for the outflow source
(Sato et al. 1985). This is observed for several other bipolar out-
flows e.g. GL 2591 (Minchin et al. 1991a) and R Mon (Minchin
et al. 1991b) and is attributed to either the scattering of radi-
ation from the outflow source within a circumstellar disc or
the dichroic absorption of radiation as it traverses a medium of
aligned grains within the disc.

The masses of the blue and redshifted outflow lobes can be
estimated from the total integrated emission across molecular
line maps. Unfortunately, neither the 2CO J = 3—2 or the 13CO
line maps fully cover the outflow region. For this reason, only
the 2CO J = 2—1 line map has been used for mass estimates.
For the '2CO J = 2—1 line, the general equation for column
density (see Eq. 5) becomes

N(2co) = Tex 1.05 x 1013 / T2 — D dv (1)

1659/ Tr
where the values of the constants have been inserted and the
emission is assumed to be optically thin. As the derivation of
column density is based on the assumption that the lines are
optically thin, we have applied a correction factor, 5 = 7/1 —
e 7, to account for the high optical depths observed.

N.R. Minchin et al.: A multi-transitional molecular and atomic line study of S140

The SPECX spectral line data reduction package allows
the integrated line intensity over a given area ([ [ Tmp(2 —
1) dvdA) to be obtained in K km s~! arcsec.?. This quantity
can be related to the mass for '>CO (following a similar deriva-
tion to that of Wilson & Mauersberger 1990) by

me=unwmtii—m//nwﬂnwm

e—16.59/ T,
@

where a 12CO/H, abundance ratio of 10~* has been assumed
and D is the distance to the observed region in kpc. Taking
the intensity ratios of the '>CO/'3CO emission for the 2—1
and 3—2 transitions (R) for velocities across both the blue and
redshifted emission wings, gives 7('2CO) using

12
1— e—T( CO)
R =

(1 _ e—rticoy_X

T(12C0O) 3)

o
where X is the '>2CO/!3CO isotopic abundance ratio, the *CO
emission is assumed to be optically thin and equal T, for both
lines is assumed. Values of 7(!2CO) were derived for the emis-
sion wings at various positions across the outflow and, as for
the J = 1—0 and 2—1 transitions (Snell et al. 1984b), 7(12CO)
was generally found to be between 3 and 5.

Assuming the observed quantity Tr,, approximates to the
physical quantity 7, the brightness temperature, then using the
definition of T¢, for an emission line

hv 1

T = T g =1

(I—-e) “)
the derived values of 7('>CO) and observed values of T}y, imply
that for the outflow wings T¢x ~15-20K. Again this is in rea-
sonable agreement with the results of Snell et al. (1984b), who
found T¢x ~12+3K. As applying Eq. (4) assumes unity filling
factor, our derived temperature is a lower limit.

The derived masses of the blue (-30<Visr<-11 km s™1)
and redshifted (-4<Visr <10 km s~!) outflow lobes are 19.5
and 8.1Mg, respectively, giving a total mass for the outflow of
27.6Mg. These values agree closely with the results of Snell et
al. (1984b) for the 2CO J = 1—0 transition, who found 17.0,
7.4 and 24.4M, respectively. Margulis & Lada (1985) found a
total mass for the S140 outflow of 35 and 39M, using maps of
the 3CO J = 1—0 and J = 2—1 transitions. The discrepancy
is most likely due to the fact that they used an optically thin
isotope, and thus our results must be considered as lower limits.

It is remarkable that the mass within the blueshifted outflow
lobe is ~2.5 times the mass in the redshifted lobe. This asym-
metry was also noted by Snell et al. (1984b). There is more
self-absorption of the optically thick '2CO lines at redshifted
rather than blueshifted velocities (see Sect. 4.2), an effect that
is likely to cause a more serious underestimate for the mass of
the redshifted lobe. Obviously this may exagerate the implied
mass asymmetry, although Hayashi et al. (1987) estimated the
mass of the outflow lobes using a map of the 3CO J = 1—0
line emission and found a similar asymmetry. As there is little
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or no self-absorption of optically thin '3CO line emission (as
shown by the !3CO spectra in Fig. 1), this implies that the mass
asymmetry is indeed real.

4.2. Line profiles

As mentioned in Sect. 3, for the J = 3—2 spectra at the (0,0)
position there is a distinct shift between V4 for the 12CO line
(-5km s~!) compared to that for the '*CO and C'80 lines (-8 km
s™1). Close examination of Fig. 1(a) shows the velocity offset
between Vp,, for the 2CO and *CO J = 2—1 spectra at this
position to be minimal (<1 km s~!). Previous observations of
this position in S140 show there to be little or no velocity offset
between V yax for the 12CO and 13CO J = 1—0 lines and confirm
our observation that this is also the case for the J =2—1 lines
(Snell et al. 1984b; Hayashi et al. 1987). The lower resolution
observations of Phillips et al. (1988) confirm the velocity offset
of Vpax for the 12CO J = 3—2 line relative to that for the lower
J level 12CO transitions.

The obvious question is whether this velocity offset from the
Visr of the molecular cloud (-8 km s~1) is unique to the 2CO
J =32 line, or is also the case for higher J level transitions.
Figure 10 shows line profiles for the 12CO J = 3—2 and 4—3
transitions at the (0,0) position and several nearby offsets. For
both the J =3—2 and 4—3 spectra V, is consistently at a Vi gg

base level contour is at 1K and the
contour interval is 1K. The positions
of the three infrared sources are shown
as five-pointed stars

of between -4 and -5 km s~!, demonstrating that the velocity
offset is also present in the J = 4—3 transition.

Such shifts in Vs, for higher '2CO lines (compared to the
lower lying and optically thin isotope lines) have also been ob-
served towards other regions of intense line emission in molecu-
lar clouds e.g. Orion and NGC 2024 (Graf et al. 1990); S106 and
DR21 (White et al. 1986) and NGC 2071 (Snell et al. 1984b). As
in these objects, the apparent velocity shift is most likely due to
self-absorption of the optically thick high J 12CO lines by fore-
ground material with a lower T. The 12CO J =2—1,3—2 and
4—3 spectra (Figs. 1 and 10) at the (0,0) position each show a
secondary peak at between Vi sg =-15to-13 kms~! and a sharp
drop in intensity to the blueshifted side of V.. Self-absorption
tends to produce steep-sided dips in the spectral profile and dou-
ble peaked spectra. This has also been observed in 2CO 2—1,
3—2,4—3 and 7—6 spectra towards DR21 (White et al. 1986;
Jaffe et al. 1989).

Clearly the self-absorption is centred at Visg ~ -8 kms~!,
where it is most pronounced, and is present over the velocity
range -4 <Vpsr< -13 km s~!. Emission from material at a cer-
tain velocity can only be absorbed by foreground material at
the same velocity, but if the self-absorption is completely due
to the foreground cloud material the implied velocity range (-4
<VLsr< -13 km s~1) of the material would suggest the molec-
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Fig. 10. Line profiles for (a) the '>CO J = 3—2 transition at the 0,0
position, 7,7 (offset by +30), -7,7 (offset by +60), -7,-7 (offset by +90),
7,-7 (offset by +120) and -14,0 (offset by +150) and (b) the 2CO J =
4—3 transition at the 0,0 position, 10,0 (offset by +30), -10,0 (offset
by +60), 0,-10 (offset by +90), 0,10 (offset by +120) and 10,-10 (offset
by +150)

ular cloud is anything but quiescent. This apparent anomaly is
explained if the self-absorption for velocities close to Vi gg ~-8
km s (where the bulk of the self-aborption occurs) is mainly
due to the ambient molecular cloud, but for the more blue and
redshifted velocities the self-absorption is mainly due to the
molecular outflow material itself.

The above discussion is consistent with our observations of
the isotopic lines, which have distinctly lower optical depth and
thus sample emission from positions right through the molecular
cloud. Thus V,,, for these lines will be close to the Vigg of the
ambient molecular cloud, -8 km s~!, as observed. This is the
same as the central velocity of the 12CO self-absorption, which
is to be expected if the foreground ambient molecular cloud
material is responsible. Only the high velocity part of the 2CO
emission is transmitted through the foreground material without
significant absorption.

So far we have only considered the effect of self-absorption
near the (0,0) position, but from aregion with embedded infrared
sources and a bipolar outflow one might expect to find distinct
variations in the amount of self-absorption present at different
positions. Figure 11 shows a greyscale image, with contours
overlaid, of Vs across the mapped region for the 12CO J =3—2
transition. Assuming that greater self-absorption will result in
a larger shift in V,x from -8 km s~! towards the red, then
Fig. 11 should indicate the regions of greatest line-of-sight self-
absorption. Ignoring the region to the extreme southwest, the
PDR/ionization front interface (where the '2CO emission falls
off rapidly and thus the value of V. found is inaccurate due to
the drastically decreasing signal-to-noise) the map is composed
of four distinct regions.
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Fig. 11. Greyscale image, with contours overlaid, of Vmax, the velocity
of the line peak for the '>CO J = 3—2 transition. For the greyscale
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image, any positions with Vpax <-8 km s~! are shown as white and

any positions with Vmax >-3 km s " are shown as black, with velocities
inbetween represented as various shades of grey. The base level contour
is at -8.5 km s~ and the contour interval is 0.5 km s~

To the south of the (0,0) position, roughly coincident with
the position of the high velocity blueshifted emission, is a re-
gion with Vypx ~-7 to -8 km s™L. To the north of the (0,0)
position, roughly coincident with the position of the high veloc-
ity redshifted emission, is a region with Vppayx ~-2to-3kms™1.
The line connecting these two regions apparently forms a sharp
boundary between regions to the southwest (with Vpay ~-5.5
to -7 km s~ 1) and northeast (with Ve ~-3 to -5 km s™1).

The separation of the Vp,,x map into these four distinct re-
gions is not surprising. Emission from the blueshifted lobe has
the smallest shift in V., from the Vi gr of the ambient molec-
ular cloud (~-8 km s~!) as the emitting region is closest to the
observer and thus emission from this region has the smallest col-
umn density of material to traverse. Conversely, emission from
the redshifted lobe has the largest column density of material to
traverse, and thus the largest shift in V... Emission from the
region to the northeast of the line connecting the outflow lobes
mainly emanates from behind the outflow and dense molecu-
lar disk. Hence there is a larger shift in Vp,, (and thus larger
self-absorption) for emission from this region than for emission
from the region to the southwest, between the outflow and the
PDR. Of course further to the northeast one would expect Vax
to return to the Vigr of the ambient molecular cloud (~-8 km
s~1). This region is outside of the 12CO J = 3—2 mapped area,
but the '2CO J =2—1 data (which is at lower spatial resolution
but has a larger mapped area) show that this is indeed the case.
Examination of our 3CO data shows little or no variation in
Vmax across the region, as expected for an optically thin isotope
which will suffer little or no self-absorption.
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4.3. Physical properties of S140
4.3.1. Ty, cuts across the PDR

Figure 12 shows the variation in the peak value of T}, along
the southwestern cut (starting at 20 arcsec to the northeast of
the (0,0) position and crossing the molecular cloud/HII region
interface) for each of the 12CO, *CO, C'®0 and CI transitions.
The position of the ionized region is indicated by the VLA 6 cm
continuum emission, taken from Fig. 2 of Evans et al. (1987).

For all six molecular transitions the peak value of T}, is ob-
served close to the (0,0) position. For the three '2CO transitions
Tmb decreases sharply either side of the (0,0) position (close to
the centre of the outflow) and between +50 and +60 arcsec offset
both the '2CO J =2—1 and 3—?2 transitions have a local peak in
T b, with a sharp dropoff to the southwest. This corresponds to
the ridge feature identified on Figs. 2 and 3. The 12CO J = 4—3
transition displays a much smoother decrease in Ty, values to
the southwest of the (0,0) position, with little evidence of the
ridge feature between +50 and +60 arcsec. The 3CO J = 3—2,
2—1 and C'80 J = 3—2 transitions have a local peak in Ty, at
between ~+30 and +40 arcsec offset to the southwest.

The fact that the '*CO and C'80 isotope lines peak fur-
ther into the cloud than the lines of the more abundant '2CO
is predicted by photodissociation models (e.g. Bally & Langer
1982; Glassgold et al. 1985; van Dishoeck & Black 1988). Self-
shielding of photodestructive UV transitions becomes signifi-
cant when the optical depth exceeds unity, a situation rapidly
achieved at the edge of the cloud for '2CO, but not for the less
abundant isotopes. The photodissociation rates for the isotopic
species are thus larger than for 2CO at the cloud edge, and hence
the rarer isotopes are only able to form deeper into the cloud. It
has been shown that self-shielding does reduce the '>CO phot-
dissociation rate significantly, but that because their lines are
significantly shifted from those of '>CO, any mutual-shielding
of 13CO and C'30 lines is not significant (van Dishoeck & Black
1988).

Values of Tpp, are higher for the 12C0O J = 2—1 transition
than the 3—2 transition at all points along the cut (by up to
10K), but for 3CO the values of T}, are higher for the J = 3—2
transition than the 2—1 transition (again by up to 10K). As the
energy of the J levels is almost identical for both 2CO and '*CO
lines, then one would expect that if the J =2—1 line is stronger
than the 3—2 line for 12CO then this would also be the case for
13CO. The fact that this is not so may be explained if the '2CO
lines are thermalised and optically thick, in which case we can
use Eq. (4) where 1-e™7 — las7>> 1.

As the column density is highest at the (0,0) position (see
Sect.4.3.2 and Fig. 14), as is Ty, for each of the '>CO transitions,
then this is the point at which the '>CO lines are likely to have
the highest optical depth. At this point the observed values of
Tomp for both the 2CO J = 2—1 and 3—2 transitions (441K
and 41+1.5K respectively) are, within the errors, in agreement
with those predicted by Eq. (4) for a value of Ty;, ~50K (44.7K
and 42.2K respectively). This value for the kinetic temperature
is distinctly lower than the value of T.x ~67K, derived for this
position in Sect. 4.3.2 from the 3CO data (T,,—Tii, at high
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densities). As the line-of-sight at the (0,0) position is towards
an embedded hot source it is to be expected that observations
of an optically thinner isotope line will imply a higher kinetic
temperature than those of optically thick 2CO lines as it samples
emission from regions deeper into the cloud, and thus close to the
embedded infrared sources. Of course, as the 12CO line profiles
are affected by self-absorption, the observed peak values of T,
are likely to be correspondingly reduced. Hence the derived
value of Ty, is a lower limit and may explain the apparent
difference in T, for the 2CO and '*CO transitions.

4.3.2. Excitation temperature and column density cuts

Assuming the 3CO and C'®0 lines are optically thin, we can
use our data to examine the variation in T, and column density
across the mapped region. Assuming LTE, the Tp,;, measure-
ments can be related to T« and column density by

N 1 3k[ Tmdv
Z(Tex) T e Bu/kTu 87r31/,u25u1

)

where N is the column density, p is the dipole moment, E,, is
the energy of the upper state and Sy is the intrinsic strength of
the transition, determined by its quantum numbers. Z(7¢) is the
partition function per magnetic sublevel and equal to hB/ kT,
where B is the rotation constant. Provided that 7 << 1 and Ty
is constant for all the J levels being considered, this equation
can be solved by noting that the left-hand side is constant, so
the right-hand side with the values for the J = 3—2 transition
is equal to the right-hand side with the values for the J = 2—1
transition. This equality solves for T, and back-substitution
gives N.

The 3CO J =3—2 and 2—1 data were used to calculate Thy
and N along a 70 arcsec cut extending from the origin of the
maps across the ionization front towards the southwest. As the
3—2 data has a smaller beamsize (15 arcsec) than the 2— 1 data
(22 arcsec), these data were convolved to the larger beamsize at
the same positions as the 2— 1 transition data points. The values
of Ty, derived from the '*CO data were then used to calculate
the column density of the C!30 J = 3—2 line along the same
cut direction. The equation used was analogous to Eq. (1)

T.

X 514 x 10‘2/ Ton(3 — 2) dv

Newp = —=2
CO = 7316/ T

(6)

The variations in Tey, N('3CO) and N(C'80) along the south-
west cut are plotted in Fig. 13, and the results are included in
Table 2. As for Figs. 13(a) and (b), the position of the ionized
region is indicated by the 6 cm continuum emission.

At the (0,0) position (near the infrared sources) Tex is 65—
70K and stays consistently around this value for the first 50
arcsec along the southwestern cut. At 56 arcsec T4 increases
to 80-85K, rising sharply to >250K at 70 arcsec. Although the
latter data point has considerably larger errors than the other
points, it suggests that enhanced heating of the layer of molec-
ular gas adjacent to the ionization front may be present. This is
also implied by the fact that the sharp increase in T, occurs at the
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Table 2. Physical properties of the optically thin lines

Position T.. N(C0) N(CB®0) N(*3Co)
(arcsec) (K)  (x10' (x10'  TN(C™0)
cm™?) cm™?)

0 6742 84+04 1.52+0.05 5.6+05
10 1.3240.05 5.94+0.5
14 6442  7.4+0.4

20 0.92::0.04 7.740.7
28 6742  6.7+0.4

30 0.7240.05 9.1+1.2
40 0.684+0.04 8.3+1.1
42 59425 5.5+04

50 0.76+£0.06 5.5+1.0
56 83+7 3.240.5

60 0.32+0.1  9.7+4.5
70 260460 2.9+1.2  0.2340.1 12.6+10.7

same point as a similar sharp rise in the 6 cm emission (between
60 and 70 arcsec). It should be noted that the beam sizes of the
6 cm and '*CO maps are comparable (~20 arcsec). Enhanced
heating of the layer of molecular gas adjacent to the ionization
front is also consistent with the interpretation given to the >CO
‘ridge’ observed between 50 and 60 arcsec along the southwest-
ern cut (Fig. 10). The derived gas temperature at the PDR/HII
region interface (260+£50K) is in reasonable agreement with
~200K predicted by Hollenbach et al. (1991) for a low density
PDR with relatively low ultraviolet illumination (10?<ny<10°
cm~? and 1<G<10%). A molecular cloud, edge-illuminated by
a more intense radiation field (10°<Gy<10°), would produce
gas temperatures up to 103K at the PDR/HII region interface
(Tielens & Hollenbach 1985).

N(3CO) decreases monotonically from 8.4x10'® cm~2 at
the (0,0) position to 5.5x10'® cm™2 at 42 arcsec along the cut.
Between 42 and 56 arcsec the rate of decrease roughly doubles
so that N(*3CO) is 3.2x10'° cm~2 at 56 arcsec, but the drop
between 56 and 70 arcsec is only 0.3x10'® cm™2 to Nucg =
2.9x10'® cm~? (although the errors on the 70 arcsec data point
are large). N(C'®0) also decreases monotonically (though at
a faster rate than N('3CO)) from 1.5x10'% cm~2 at the (0,0)
position to 0.68 x 10'® cm~?2 at 40 arcsec along the cut , but be-
tween 40 and 50 arcsec N(C'30) increases to 0.76x 10'® cm 2.
From 50 to 60 arcsec N(C!80) again decreases, but now more
rapidly to 0.32x10'® cm™2.

The final column of Table 2 demonstrates that
N(!3CO)/N(C'®0) increases from 5-6 at the (0,0) position to
8-10 at +30—+40 arcsec along the cut, at the position of the
localised peak in Ty, for the 2CO and C!80 lines. As the em-
pirically accepted value of ['3CO]/[C'30] is ~S5, this implies
that the *CO abundance is enhanced at the edge of the cloud
relative to the C!80 abundance. This effect has been noted pre-
viously (e.g Bally & Langer 1982) and can be attributed to a
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net increase in *CO due to ion-molecule exchange reactions
(e.g. van Dishoeck & Black 1988). The enhancement of *CO
is most significant at low kinetic temperatures (<15K); indeed,
Fig. 12 of van Dishoeck & Black (1988) shows that for T
= 15K N(13CO)/N(C'30) peaks at ~20, whilst for 7" = 50K
N(3CO)/N(C'30) peaks at only ~10. These latter values are
in excellent agreement with those observed (N (1*CO)/N(C'80)
=8-10 and T,,~65-70K).

4.4. Comparison of the molecular and atomic line data

Figure 14 displays contours of the peak main beam brightness
temperature for the '2CO J = 3—2 line (taken from Fig. 3) over-
laid upon the greyscale image of the CI *P; — 3P, line (taken
from Fig. 9). This figure gives qualitative confirmation of the
conclusions drawn from Fig. 12, that the hot ridges of '2CO
and CI emission near the cloud edge are coincident and that the
CI ridge is ~20 arcsec (~0.09 pc) in width, peaking ~20-30
arcsec (~0.09-0.13 pc) from the ionization front. These conclu-
sions allow comparison of homogeneous PDR chemical models
(e.g. Tielens & Hollenbach 1985; van Dishoeck & Black 1988;
Hollenbach et al. 1991) and multi-component models, in which
dense clumps of material are interspersed with a more tenu-
ous inter-clump medium (e.g. Stutzki et al. 1988). S140 has
a relatively low density PDR with low ultraviolet illumination
(~150Gy), especially when compared to the archetypal edge-
illuminated molecular clouds, M17 and the Orion Bright Bar
(~2x10°Gy). For this reason the model of Hollenbach et al.
(1991), which considers PDRs with lower densities and FUV
fluxes (102<ny<10° cm™3 and 1<Gy<10%) than the original
Tielens & Hollenbach (1985) paper, should be directly compara-
ble. The model predicts that neutral carbon in PDRs is confined
to alayer A,~3-8 mags, between CII (adjacent to the ionization
front) and '>CO (deeper into the cloud).

Using the optically thin C'®0 observations of the PDR at
the position of the CI Ty, peak [50-60 arcsec from the (0,0)
position], V(C'80) is between 0.32 and 0.76x10'¢ cm—2 (see
Table 2). Assuming the S140 molecular cloud can be approx-
imated as a sphere of ~7-8 arcmin diameter (see the large-
scale '2CO J = 1—0 emission map of Blair et al. 1978) and
that N(Hy)~5x 10 N(C'30), then n(H)~2x10* cm~3 in the
PDR. For regions of low extinction the molecular hydrogen col-
umn density is related to the visual extinction by N(H,)/A, =
1.59%10%! cm ~2 mag ~! (Savage et al. 1977), assuming all
the hydrogen is in molecular form. Expressing this equation as
n(Hy)Az/A, = 1.59x10%' cm ~2 mag ~!, where Az is the size
(in cm) of the CI layer, then, assuming the CI layer extends over
AA,~3-5 mags, Az~20-30 arcsec.

Of course this calculation is extremely approximate, but
serves to demonstrate that, for a PDR with low density and ul-
traviolet illumination, the observed spatial extent of the CI layer
can be reproduced by assuming a homogeneous cloud model. Of
course for a PDR with high density and ultraviolet illumination,
such as M17, the spatial extent of the CI layer will be consid-
erably smaller. In fact, high-spatial resolution observations of
the PDR in M17 show that the CI emission is not confined to
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a layer at the PDR/HII region interface, but instead is spread
throughout the molecular cloud core (White & Padman 1991).
The CI emission appears to be clumpy, but comparison with
C'30 emission peaks shows the CI emission is not enhanced at
the positions of highest column density for the molecular mate-
rial. This is interpreted as evidence that the molecular material
has high density clumps, interspersed with a more tenuous in-
terclump medium. Thus ultraviolet radiation can penetrate deep
into the cloud through the interclump medium, before disso-
ciating '2CO to produce CI at the clump edges. Such a multi-
component model naturally explains why the CI emission is
~ observed deeper into the cloud than would be expected from a
homogeneous cloud model, and also the offset of the CI emis-
sion peaks from the density peaks of the molecular material.

Although the observed spatial extent of the CI emission
from the PDR in S140 is consistent with both homogeneous
and multi-component cloud models, there are other aspects of
the observations that imply this molecular cloud, like M17, is
indeed clumpy. Firstly, Figs. 9 and 14 show that the CI emis-
sion from both the PDR and deeper into the cloud has-distinct,
localised peaks, indicative of clumpy structure. Secondly, Figs.
13(a) and 15 demonstrate that the ridges of 2CO and CI emis-
sion are coincident. This contradicts the homogeneous cloud
models where CI and >CO are, to a large extent, found in ad-

the 2CO J = 3—2 line overlaid
(from Fig. 3). The positions of the
three infrared sources are shown as
five-pointed stars

jacent layers. If the molecular material is composed of high
density clumps, interspersed with a more tenuous interclump
medium, then ultraviolet radiation will penetrate deep into the
cloud, heating and dissociating the 2CO on clump surfaces
throughout the transition region. In this case we would expect
to observe 12CO and CI line emission from the same region at
the edge of the molecular cloud. '

Figures 9 and 14 show that the CI emission is also con-
centrated along a ‘finger’-like component extending along the
northeast-southwest direction. This finger component passes
~20-40 arcsec to the southeast of the (0,0) position, and thus
avoids the region of intense '2CO emission around the infrared
sources. The tendency for CI emission to avoid the position of a
bipolar outflow source has also been noted for IRc2 in the Orion
Molecular cloud, where the CI appears to trace the clumpy inner
edge of a cavity. A similar situation seems to be occurring here.
Hayashi & Murata (1992) show that the CI and CS J = 1—0
emission peaks are offset, with the CI peaks generally located
inside the CS ring (see their Fig. 7). The obvious implication
is that this region of CI emission is confined within the cavity
delineated by the CS ring, originating from the edges of dense
clumps where the 2CO molecules are primarily dissociated by
the UV field from the embedded infrared cluster and not by the
external radiation field.
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White & Padman (1991) obtained CI *P; — 3Py line spec-
tra at the (0,0) position and on the PDR (30 arcsec west and
45 south) and derived N(CI)/N('?CO) ~0.2 and 2.8 at these
two positions, respectively. The ratio N(CI)/N(!2CO) has been
determined for various positions in molecular clouds over the
last decade (e.g. Genzel et al. 1988; Frerking et al. 1989) in-
cluding S140 (Phillips & Huggins 1981; Keene et al. 1985).
For several positions across S140 (along a northeast-southwest
direction, crossing the PDR) Keene et al. (1985) found that
N(CI)/N(2CO) did not exceed 0.24 at any point. Similar val-
ues of N(CI)/N(>CO) (<1) have been observed towards nu-
merous other molecular clouds. Of course these results were
obtained using much larger beamwidths than the present obser-
vations (~1 arcmin compared to 9 arcsec), distinctly larger than
the width of the S140 PDR (~20 arcsec).

Although our CI observations are single channel results, if
we assume that the observed positions with the highest Ty, will
also have highest column densities, then we can test whether
the ratio N(CI)/N(!2CO) is likely to be significantly higher
for all positions on the PDR than the general molecular cloud.
Figure 15 shows a graph of Tp, values for the CI *P; — 3P,
line plotted against those of the '3CO J = 2—1 line for each
of the observed positions on the PDR (filled circles) and the
general molecular cloud (open circles). Clearly the data points
occupy two different regions of the graph, with little overlap.
For positions on the PDR the ratio Ty ('3CO)/Typ(CI) is ~1-
4, whilst for the general molecular cloud T}, (**CO)/ T}, (CI)
~3-15. Thus the positions on the PDR form a population which
(except for a couple of points) have consistently higher values
of Ty (CD)/ T (P2 CO) than for the general cloud. Multi-channel
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observations of the CI 3P; — 3Py line are planned to test this
conclusion, and examine the velocity structure across the PDR.

5. Conclusions

We have presented high-angular resolution maps of the S140
molecular cloud in the J = 2—1, 3—2 and 4—3 transitions of
12CO, the J=2—1 and 3—2 transitions of 13CO and the ] = 3—2
transition of C'30. We have also presented a single-channel map
of the *P;—3Py line of neutral atomic carbon (CI).

Velocity channel maps of the '2CO lines show a systematic
shift of the emission peak away from the outflow source with in-
creasing velocity offset from the line centre. This may imply the
bipolar outflow is accelerating with distance from the outflow
source or that there is more material at high velocity further from
the source, possibly due to entrainment at the working surface.

The blue and redshifted outflow lobes are separated by ~35
arcsec (0.15 pc) in projection and the outflow axis is believed
to be directed close to the observers’ line-of-sight. The total
integrated intensity of the '>CO J = 2—1 line for the blue and
redshifted outflow lobes imply masses of 19.5 and 8.1Mg, re-
spectively, giving a total mass for the outflow of 27.6M,.

The higher J-level 12CO lines are strongly self-absorbed,
with the amount of self-absorption varying with position across
the mapped region. In particular, the redshifted outflow lobe is
more strongly self-absorbed than the blueshifted lobe, consis-
tent with emission from this region having to traverse a larger
column density of material.

All the '2CO, 3CO and C!30 lines show enhanced main
beam brightness temperatures near the molecular cloud/HII re-
gion interface. The fact that the '*CO and C'30 lines peak deeper
into the cloud than the lines of '2CO is consistent with signifi-
cant self-shielding of the more abundant '2CO isotope.

The '3CO line intensities imply the excitation temperature
increases from ~65-70K at the position of the outflow source,
to ~250K at the interface region. The N(*CO)/N(C!80) ratio
is highest on the PDR (~10), consistent with enhancement of
the 1*CO abundance due to ion-molecule exchange reactions.

The CI emission is mainly confined to a clumpy, elongated
ridge-like feature adjacent to the edge of the molecular cloud and
is coincident with a similar feature seen in '>CO line emission.
The coincidence of these features contradicts homogeneous
cloud models and is interpreted as evidence that the molecu-
lar material is composed of dense clumps interspersed with a
more tenuous interclump medium.

A second region of intense CI emission is located inside a
ring of CS emission, implying that 2CO here is dissociated by
the radiation field from the embedded infrared cluster and not
the external radiation field.

Observed positions on the PDR have significantly higher
values of Ty (CI)/Typ(13CO) than for the general cloud, im-
plying N(CI)/N(3CO) is likely to be significantly higher for
positions on the PDR than in the general molecular cloud.
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