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Abstract. The spatial distributions of the 3P; — 3P, atomic fine
structure of carbon (Cr1), the CO J =4 —3,the COJ =2 — 1
transitions of CO, 13CO, C'80 and C!"0 and the 790 m con-
tinuum emission have been mapped towards the central region
of the Orion molecular cloud (OMCI cloud), and the Bright
Bar ionisation front. The CO data are analysed in a consis-
tent way, allowing the inter isotopomeric abundance ratios to
be studied over a wide range of extinction values. The '3CO
lines are optically thick; the '*CO abundance being enhanced
because of strong isotopic fractionation near the Bright Bar, but
less convincingly in the OMCI cloud. The fractionation occurs
mostly in the less opaque regions where the 3CO column den-
sity N('3CO) may be enhanced by up to one order of magnitude,
relative to the more shielded parts. No isotope selective enhance-
ment of the other CO isotopomers was seen; C'*O may in fact
show a slight depletion in more exposed material. The C'#0 and
C!70 lines are optically thin, and correlated with the 790 zm
dust continuum emission. The C1 emission comes from hot op-
tically thin gas; the abundance ratios of [C1}/[CO] are typically
0.05 - 0.3, with the larger ratios towards the northern section
of the Orion ridge. The Cr1 abundance ratios remain high along
the edge of the Bright Bar which is adjacent to the HII region
(and the Trapezium cluster which excites it), but decrease in the
dense shielded material behind the Bar.

Key words: ISM: atoms — ISM: molecules — ISM: Orion cloud
—ISM: Orion bar — ISM: abundances — radio lines: ISM

1. Introduction

The Orion Nebula, M42, is the closest high mass star formation
region. The high ultraviolet flux coming from the hot, young
stars in the Trapezium Star cluster, heats and photo-ionises
nearby gas, whilst in the core of the cloud, a massive pre-main
sequence object, IRc2, drives an energetic highly collimated

Send offprint requests to: Prof. Glenn White

molecular outflow into the surrounding gas. Several arc min-
utes south-east of this cloud core, an edge-on ionisation front,
the Bright Bar, lies between the expanding rim of the M42 HII re-
gion (Martin & Gull 1976; Garay et al. 1987; Yusef-Zadeh 1990)
and a dense ridge of molecular gas (Omodaka 1994; Tauber et al.
1994). A narrow ridge detected at infrared wavelengths, traces
warm dust along the edge of the Bright Bar facing the Trapez-
ium stars, and shows there is a temperature gradient across this
interface (Becklin et al. 1976; Werner 1976; Keene et al. 1982).
Observations of the H, = 1-0 S(1) line, and the CO, HCO™* and
HCN molecular rotational lines suggest that shocks and uv ra-
diation excite material in the Bar, much of which is relatively
warm (T, & 100K - Hayashi et al. 1985; Gatley & Kaifu 1987;
Graf et al. 1990; Parmar et al. 1991). This study traces two of
the major repositories of carbon inside molecular clouds - CO
molecular gas and atomic, C1 gas - and compares them to sub-
millimetre continuum emission. The spatial distributions of CO
and Ci are detectable from ground-based observatories; in this
paper observations of the J =2 — 1 CO, 1*CO, C'70 and C!20,
and J = 4—3 CO molecular rotational transitions are compared
with the 3P; — 3Py atomic fine structure line of C1. Such data can
be used to study the relative abundances in the different carbon
repositories. The distribution of the gas can also be compared
with that of dust; 790 um continuum observations are reported
for the material around IRc2 and the Bright Bar.

2. Observations

The high frequency line observations were taken using the 15m
James Clerk Maxwell Telescope (JCMT) during October and
December 1993. The 460 - 490 GHz receiver RxC2, used a lead
alloy SIS junction that achieved a single-sideband mixer noise
temperature of ~ 150K (Ellison 1993) and system tempera-
ture Ty, between 930 and 3000K. The CO and isotopomeric
J =2—1 datawere collected with a 205 - 285 GHz SIS receiver,
RxA2. All the spectra were calibrated in units of main beam
brightness temperature, Tp, , correcting for sideband gains, at-
mospheric attenuation, and the telescope efficiency. The surface
accuracy of the JCMT was ~ 30 um rms, with main beam ef-
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Fig. 1. a Integrated map in the CI line of the OMCI core. The map contains 153 spectra sampled on a 10 arc second grid, the central (0,0)
position being that of IRc2; auigso = 5" 32™ 46.9°, 81950 = -05° 24’ 25.7" , b Integrated map in the J =2 — 1 C'®O line made from 234 spectra
uniformly sampled on a 10 arc second grid, ¢ the C'7O integrated map made from 132 spectra on a 10 arc second grid, d the 790 um continuum
emission with contours plotted on a logarithmic scale, obtained at 2.5 arcsecond spacings, and convolved to a resolution of 10 arc seconds to
make the gridding similar to that of the C1 data and e as for d but with contours drawn on a linear scale. For a-c the contour interval and first
white contours are at (10,70), (5,35) and (1,8) K km s~ respectively, and for the continuum map, where the dynamic range is high, the contours
in d are logarithmic (in Jy per beam), in units of 0.2, and in e linear contours in steps of 2 Jy per beam, with the first white contour at 22 Jy per

beam

ficiencies, Ny, = 0.72, 0.43 and 0.40 respectively at the CO,
13CO, C'70 and C'80 J = 2 — 1 (230.538, 220.398, 224.714
and 219.560 GHz), CO J = 4 — 3 (461.0408 GHz) and C13P; -
3P, (492.1603 GHz) frequencies. At the highest frequencies, the
error beam was ~ 50 arc second radius, with a peak amplitude
of 2 % of the diffraction limited beam peak, and contained ~
40 % of the power. The data were processed with a digital auto-
correlation spectrometer, giving spectral resolutions of ~ 0.3
km s~!. The beam sizes at the J =2 —1 CO, (*3CO, C70 and
C'80J=2-1),J =4 —3 and Ci frequencies were 22, 21.0,
10.5 and 9.8 arc seconds respectively, the pointing was always
better than 1 arc second and all observations were made with po-
sition switching to a clean off position 2100 arc seconds north of
the (0,0) position. Observations of CO and 13CO J = 2—1 lines
made with the same receiver will be presented in more detail in
a separate paper by White et al. (1995), however results using
the integrated emission and line strengths from these data are
used in this paper. Submillimetre continuum observations were
made using the UKT14 He? bolometric receiver at an effective
wavelength of 790 um . The dual-beam chopped maps, with a
beamsize of 13.5 arc seconds, were deconvolved using a maxi-
mum entropy analysis technique (Richer 1992). This estimate of
the continuum brightness distribution was then re-gridded and
convolved with a gaussian restoring beam to accurately match
the beam-sizes and sampling of the molecular data - allowing
their relative distributions to be compared (the full resolution
data will be presented separately (White et al. 1995) - this paper
only discusses data smoothed to the resolution of the line data).

3. The data

3.1. Cland C'®0 J = 2 — 1 observations of the IRc2 molecular
core region

In Fig. 1 (see the next page) maps of the integrated emission
in the Cr and the J = 2 — 1 C'80 lines are shown of the area
around IRc2 (this area will be referred to later as the OMC1
core).

The Cr emission peaks in two regions lying about 40 arc
seconds to the North and South-West of IRc2. These peaks lie
at the NE edge of the northern section of the extended ridge
(Greaves et al. 1991; White 1992), and are coincident with the
southern section of the ridge. The integrated map resembles
the distribution first noted in the single velocity map shown by
White & Padman (1991), which indicated that C1 lay mostly ina
shell-like structure around IRc2. Weaker Ci emission also peaks
at the offset (0, -85) - about 15 arc seconds North of the centre
of the southern molecular outflow OMCI1-S. Ci emission is very
weak along the axis of the IRc2 high velocity outflow (running
approximately NE-SW through the (0,0) position at cv1950 = 5"
32™ 46.9%, 61950 = -05° 24’ 25.7" ).

In this paper, the Ci distribution is compared with that of
C'®0, which should be relatively optically thin; this assump-
tion will be justified later. The shape of the C'30 map (Fig. 1b)
is quite different from that of Ci — the only region where both
species peak together is close to (-25, -30). The lack of strong
correlation between C1 and C'80 contrasts with the close rela-
tionship noted between the two species in M17 (Genzel et al.
1988).

The 790 um distribution shown in Fig. 1d is more closely
correlated with C'70 and C'80 (Figs. 1c and d). With few ex-
ceptions, continuum emission at wavelengths close to 800 um
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Declination offset arc seconds

Right Acsension offset arc seconds

Fig.2.aMap of the CO J = 2—1 line, containing 421 spectra sampled
ona 20 arc second grid, bmapin the *CO J = 2—1 line containing 604
spectra on the similar spacing grid. The contour intervals for the CO
and *CO maps are 40 and 20 K km s ! respectively for the two maps,
with the first white contour at 520 and 110 K km s ! respectively. These
maps extend beyond the boundaries of the isotopomer maps shown in
Fig. 1, and are intended to show the relationship of the Bright Bar to
the cloud material associated with IRc2 (which is at the (0,0) position)

from HIIregion / star-formation complexes is believed to be op-
tically thin (Genzel 1991). It is also likely that C'30 and C'70
(see Fig. 7) are both optically thin, and can be used to estimate
N(CO).

Maps of the molecular distribution in the J =2 — 1 CO
and *CO lines adapted from White et al. (1994) are shown in
Fig. 2.

Channel maps of the C1 and C'#0 distributions binned into
1 km s~! intervals, are shown in Fig. 3 (two pages forward) for
the region around the OMCI1 core.
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Cremission in the velocity range between 5 and 6 km s~ is
strongest to the South and West of the mapped region. Between
7 and 8 km s~! the emission peaks along a North-South ridge
(extending from declination offsets +20 to -70) displaced ~ 20 -
30 arc seconds west of IRc2. This ridge is also prominent in the
C'30 (Fig. 3b) and 13CO J =2 — 1 lines (Wilson 1986; White
et al. 1995 see also Fig. 2 of this paper), and is fragmented into
several clumps. Emission immediately to the South of IRc2 is
weaker at velocities > 10 km s™!, with a slight enhancement
close to offset (20, -50) near the Trapezium cluster. The line
intensities are however very weak in this part of the map; firm
evidence of any association must await more extensive data.

At ~ 9 km s™!, the velocity of ambient material in the
OMCI1 core, C1 emission does not show a localised peak close
to IRc2. At more redshifted velocities (= 10 km s~!) it peaks
towards the northern clump at (+10-20, +50), which is where
the highest beam-averaged [C1]/[CO] ratios are seen (see Fig.
10 later). A notable feature of the C1 maps is the degree of
clumpiness which is present compared to the relative lack of
small scale structure in the CO maps.

The C'80 maps of the same region (shown in Fig. 3b) ap-
pear smoother and less clumpy than those of Ci, although the
beam width is double that for the C1 observations. There are
qualitative differences between the maps of the two species at
similar velocities: a) C1 peaks are often offset from CO cores by
20 - 30 arc seconds, b) relatively strong Ci emission is seen from
regions where C'80 emission is weak, and c) there is little cor-
relation between the peak line temperatures at a given velocity,
although the same basic structures are present in both maps.

3.2. CO J =4 — 3 observations of the IRc2 region

Figure 4 shows maps of a the peak temperature in a the CO
J =4 — 3 line close to IRc2, b the integrated emission, ¢ the
red and d blue high velocity wings.

The CO lines around the OMC1 core (Fig. 4a) have main
beam brightness temperatures reaching up to ~ 200K, peaking
along a narrow ridge centred ~ 10 arc seconds south of IRc2,
which extends ~ 40 arc seconds across the map. The CO J =
7 — 6 observations of Howe et al. (1993) also show that the
peak temperature weakens towards IRc2, however whilst the
J =7 — 6 lines are stronger to the North, East and West, the
J =4 -3 lines are more intense in the South. The CO J =4 —3
lines have a weak absorption feature between 6 and 7 km s~!
evident in several of the spectra from the region ~ 10 arc seconds
south of IRc2; self-absorption features are not seen elsewhere
in the map, nor have they been reported in other single-dish CO
observations which were switched far enough away from the
source to avoid reference beam contamination.

The gas associated with the IRc2 molecular outflow (Fig. 4c,
d) is distributed in two lobes: the blue shifted gas is strongest
at the offset position (-6,+6), and the red shifted gas at (+14,
-5), with the peaks separated by ~ 25 arc seconds. The blue-
shifted lobe is resolved, with a deconvolved diameter of ~ 15
arc seconds; the redshifted peak is more compact, but slightly
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Fig. 3a and b. Channel maps in a the CI line, (contour intervals in 2.5 K km s ! steps with the first white contour at 5 K km s ') and b the CO

J =2 —1 C"*0 lines, with contour steps at 1 K km s~} intervals

elongated along the flow axis. At both peaks low level emission
is present from the other velocity range.

The coupling efficiency of the JCMT’s main beam at the CO
J =4 -3 line onto a 15 arc second gaussian half-width source,
ne = 0.67. Correcting the observed spectra to a scale of radi-
ation temperature, Tg, the blue-shifted gas at -10 km s~! has
a peak radiation temperature Tg ~ 150K. In the unresolved
red-shifted flow, the radiation temperature may be even higher
(since 7 will be smaller). These values can be compared with
the radiation temperatures estimated from interferometric data
for the J = 1 — O line (Masson et al. 1987) of ~ 60-70K, and
in the CO J =7 — 6 (Howe et al. 1993) line of > 200K. Since

the J = 1—0 and J = 4 — 3 data show the outflow region
is actually smaller than was assumed by Howe et al. (they as-
sumed 35 arc seconds), their estimated temperatures may need
to be increased by an further factor of 2 - 3. Qualitatively the
CO line temperatures increase with rotational transition, but the
uncertainties in the various coupling corrections are relatively
large. The data confirm the presence of substantial amounts of
hot (Tex R 150 - 200 K) CO in the outflowing gas, supporting
the upper bound of the estimate of Graf et al. (1990) of 80 -
250K. In the J =2 — 1 transition, emission from the CO line
wings is almost certainly optically thick (since theC'80 lines
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Fig. 4a-d. Maps of a the peak CO J = 4 — 3 emission (-75 to +85
km s~1), with contours of main beam brightness temperature every 5
K, and the first white contour at 120 K b the integrated emission with
contour intervals of 500 K km s~! and the first white contour at 4000
K km s~', ¢ in the red (25 to 75 km s™!) and d blue (-25 to -75 km
s~ ") line wings, with contours every 50 K km s~! and the first white
contours at 500 K km s~! intervals
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extend to at least = 20 km s~! from the ambient velocity of the
cloud - suggesting high optical depths in the CO lines).

3.3. Cl and CO observations of the Bright Bar ionisation front

Maps of integrated emission towards the Bright Bar in the CO
J =4 —73 and C1 lines are shown in Figs. 5 a and b, in c the Ci is
overlaid onto the CO map, and then compared with the 10 um
, Hy and 3.3 um (which is believed to trace PAH molecules)
distributions in Fig. 5 d and e.

The CO J = 4 —3 emission extends over the velocity range
~ 6to 14 km s~!; the lines are single peaked, with half-widths
~ 4 -6 kms~!, peaking between Isr velocities of 10 and 11
km s~!. A small red shift (~ 2 km s~!) of the gas in the Bar
(relative to nearby molecular material) has been suggested as
evidence for expansion of the HII region around the Trapezium
cluster, which then drives a shock into the bar - forming a narrow
ridge of heated and compressed material (Omodaka et al. 1994).
Spectra taken along their strip confirms the velocity shift (see
their Fig. 2), but the present data do not show evidence for
a systematic shift along the whole extent of the Bar; instead
the Bar is highly clumped, and the velocity "shifts’ are probably
associated with this inhomogeneous structure. The CO J = 4-3
main beam brightness temperatures are > 175 K in places, again
showing there is a substantial amount of warm gas present (cf.
~ 30 % of the total gas mass - Graf et al. 1990).

The CO J = 4 —3 map (Fig. 5a) appears to be more clumpy
than the high resolution CO J = 1 — 0 map obtained using the
BIMA interferometer (Tauber et al. 1994). Four hot-spots can
be seen at offsets (-15, -15), (-36, -32), (-46, -43) and ~ (-80,
-60), lying along a narrow bar at the edge of the ionisation
front. The CO line intensity drops off sharply to the NW, in the
direction toward the illuminating stars in the Trapezium cluster.
The 10 um bar (Becklin et al. 1976), which traces heated dust
grains, lies offset from the CO and Ci ridges (Fig. 5d) by ~ 15
arc seconds (see Fig. 5e) towards the Trapezium cluster. This
IR bar approximately coincides with the 3.3 um ridge that is
believed to trace the distribution of PAH molecules (Burton et al.
1991). It is noticeable (see later) that the 790 um emission from
this region is also clumpy (Fig. 12b). The BIMACO J=1-0
peak intensity is ~ 95 K; similar to T, values obtained with
the Nobeyama 45m telescope (beamsize 15 arc seconds) of ~
90 K (unpublished data). The CO J =4 — 3 lines are brighter
than either of the J = 1 — O lines by a factor of ~ 2, showing
the same trend as seen in the IRc2 region.

In Fig. 5b, the Ci ridge stands out clearly above the sur-
rounding gas, although some of the peaks appear to be offset
from the J = 1 — 0 3CO hot-spots by ~ 5 - 10 arc seconds
(this needs to be confirmed with better sampled data). Some Ci
emission is also coincident with the compact HCO* peak (at
offset (-71, -50)) measured by Tauber et al. (1994). It therefore
appears, on morphological grounds, that although some of the
C1 is well mixed with other material in the Bar, a significant
fraction of it may come from material close to the surface lay-
ers of clumps which are illuminated by the uv flux coming from
the Trapezium stars. Similar conclusions have been reached for
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Fig. Sa—e. Maps of the Bright Bar a the integrated CO main beam
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and steps of 33 K km s~, b the integrated >P; — 3Py CI emission over
the velocity range 4 to 14 km s~! with the first white contour at 30 K
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on the CI1 greyscale image, d the CI (greyscale) overlaid with the H,
and 3.3 pm distributions of Burton et al. (1990) and e the 10 um bar
of Becklin et al. (1976) overlaid on the CI1 greyscale image. The centre
position of the maps is at aigs0 = 5" 32™ 57.8%, 81950 = -05° 26’ 26"
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the M17SW ridge, which is also externally illuminated by an
OB star cluster (Hobson et al. 1994).

4. Discussion

The data collected in this study can be used to examine the rel-
ative abundance variations of CO and C1. The CO isotopomeric
column densities (in units of cm~2) may be estimated using the
emission from a line (such as the (J + 1) to J transition of an
optically thin(ner, than CO) isotopomer), with the relationship
which has been commonly used, in various forms, by many
workers in the past;

3.3410" mede

Wz(l_e—ﬁﬁ) (fﬁa) me )

Ncol =

where Ty is estimated from the peak CO J = 2 — 1 main
beam brightness temperature, [Ty, dV is the isotopomer’s main
beam brightness temperature integrated over the line width in
K km s~!, J is the lower rotational quantum number (1 for the
CO J = 2 — 1 transition), v is the line frequency (in GHz)
and p is the dipole moment (in Debye’s). The opacity, 7, is
estimated using the peak intensity of the line Tpeq and the CO
peak temperature Ty, from the relationship;

hy _ (1—exp(=7))

Equation 1 assumes that the Planck corrected CO peak tem-
perature is the same as the kinetic temperature (which is then
assumed to be equal to the excitation temperature, and constant
for all the CO rotational levels), that the isotopomer is in LTE,
and that the escape probability 5 = 7 / (1-e~7) can accurately
account for optical depth effects.

It is questionable whether a single value of excitation tem-
perature is applicable to CO and its isotopomers, although this
assumption, or some arbitrary choice, has been used in the past
to estimate the abundance ratios of [Ci)/[CO], averaged over
the particular telescope beam. Multi-line CO observations with
large beams (in the range 100 - 140 arc seconds) have been suc-
cessfully explained in the framework of uv-penetrated clumpy
clouds, with clump densities up to N(H,) ~ 10° cm™3, and
strong temperature gradients which affects the relative excita-
tion temperatures of different isotopomers (Castets et al. 1990).
Recent theoretical work (Koster et al. 1994) modelling the emis-
sion of a cloud containing several clumpy photon dominated
regions (PDR’s), has confirmed that a wide range of excitation
temperatures co-exist throughout the emitting regions; making
any simple interpretation with a single excitation temperature
Tex unrealistic. This treatment also showed that isotopic frac-
tionation of 13CO should occur in these regions. For further
discussion of choosing T¢x , and the errors and difficulties in-
volved, the reader is referred to Dickman (1978), Tauber et al.
(1994) and Koster et al. (1994).

The situation with choosing T (C1) is also unclear. In the
two cases where both the 3P, —3P; and 3P; — 3P, lines of C1 have
been observed (Orion and M17 - Jaffe et al. 1985; Zmuidzinas

1R

2

Tpeak
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et al. 1988; Hobson et al. 1994) the line ratios point towards
high values for T¢x . This can be understood if the C1 emission
comes from hot gas in an interclump region, or from the photo-
dissociated edges of cooler clumps (see also Meixner & Tielens
1993). If this is the case, then the CI lines may appear optically
thin, and N(C1) will only be a weak function of temperature -
the inferred column densities changing by < 10 % over a wide
range of temperatures (assuming Tk, < 30K). There would
however be interpretational problems if the CO isotopomers
and C1 come from physically distinct gas masses - it is not im-
mediately obvious how this can be resolved from the present
data - an improved understanding of this omni-present problem
of many molecular line studies awaits direction from improved
modelling techniques.

To establish whether the column densities inferred from in-
dividual CO isotopomeric data are reliable indicators of N(CO),
estimates were made using the J =2 — 1 C'30 and C'7O (this
paper) and the CO and '*CO lines (White et al. 1995) at each
point in the maps. Assuming that the isotopomers have the same
excitation temperature as CO (see discussion earlier), then with
first order corrections for opacity the data should yield simi-
lar CO column densities when multiplied by the relative iso-
topomeric conversion factors (see caption of Fig. 6). To illus-
trate this, results are shown in Fig. 6 for N(CO) derived from
the present *CO and C'80 data.

The CO column densities inferred using '3CO and C'30
data differ by factors of ~ 2 or more in the region around IRc2
over the range 10'8 - 3 10" cm~2 - in the sense that C'%0 is
underabundant, or that 3CO is overabundant. These column
densities correspond to visual extinction, A, values of ~ 15 -
160 magnitudes using the standard relationship N(H +2H,)/ A,
~ 1.9 10! atoms cm~2, and X(CO) = 10~*(Bachiller & Cer-
nicharo 1986; Keene 1987). However, for the Bright Bar data,
1BCO appears underabundant relative to C'#0 at the higher
column densities, and overabundant atlower column densities.
This lack of agreement between the column densities inferred
from the two isotopomers could be due to one or more of several
factors; a) C'®0O may sample material deeper into the cores of
clumps than do the 13CO lines, b) CO and isotopic abundance
ratios may be influenced by photoionisation (see discussions
by Dutrey et al. 1993; Koster et al. 1994), c) fractionation of
one isotopomer is more dominant than for others, d) assump-
tions of a similar T for all isotopomers are inappropriate, or
e) that radiative trapping has not been correctly accounted for.
By contrast, the N(CO) values towards the Bright Bar region
show better agreement than the data towards the IRc2 cloud.
The importance of 3CO fractionation is discussed in the next
section.

In a similar study of CO isotopes to the present one, White
et al. (1995) analysed a similar multi-transition data set for the
cooler dark cloud associated with the Serpens star cluster. Based
on comparative modelling of C'®0 data using LVG and LTE
analyses, the deduced column densities for warm material such
as that likely to be present in the OMC1 cloud and Bright Bar
(Txin > 20 K and densities > 103 cm™3) are in approximate
(factors of two or three) agreement. However, at lower temper-
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Fig. 6. Comparison of N(CO) derived from the '*CO and C'*O column
densities multiplied by the canonical abundances relative to CO of 67
and 500 respectively (Gierens et al. 1992). The top model fit line is a
least square fit (extrapolated) to the IRc2 cloud data (only) (i.e. with a
terrestrial isotope ratio [CO/[C'®0] = 500), and the lower model line
(dashed) shows the expected fit if both isotopomers traced the same
value of N(CO)

atures and low densities, the deduced column densities disagree
by up to one order of magnitude - even a rare isotopomer such
as the J = 2 — 1 C'30 line does not in fact accurately trace
column density in cool dark clouds. A fuller discussion of this
problem is beyond the scope of the present paper, and will be
given by White et al. (1995), but on the basis of this modelling
it does not appear unreasonable to use an LTE approach for the
OMCI cloud and Bright Bar, as we have done here.

Several studies have suggested that the ratio of 13CO to C'*0
can exceed the terrestrial ratio (5.5) because of C'30 photodis-
sociation, and chemical fractionation of 3CO (van Dishoeck &
Black 1988; Turner et al. 1992; Turner 1993; Fuente et al. 1993;
Koster et al. 1994). The ratio N(!3CO)/N(C'80) has been shown
to exceed the terrestrial value close to the surfaces of several dark
clouds (Frerking et al. 1982; Bachiller & Cernicharo 1986 and
Lada et al. 1994). Taking the relationship between N(C!80) and
A, from Lada et al. (1994), which have been determined for
A, up to 15 magnitudes, the ratio N(!3CO) / N(C'80) against
extinction in the Orion region is shown in Fig. 7 (note: in the
present paper the values of A, have been extrapolated to higher
values than Lada et al. ’s relationship has been measured over,
the validity of this is examined later).

In Figs. 7b and c the data for the OMCI clouds and the
Bright Bar are shown separately. For Fig. 7b the relationship
N(3CO) / N(C'80) = 26 A, %37 with a correlation coefficient
of 0.58, and for 7 c), the relationship N(*3*CO) / N(C'®0) =
90 A, %62 with a correlation coefficient of 0.91. The merged
data shown in 7 a) are dominated by the Bright Bar data, which
provide strong evidence for !3CO fractionation. The case for a
13CO overabundance in the OMCI1 core is less convincing, the
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observed characteristics may instead be a consequence of high
B3CO opacity.

These data show that N('3CO)/N(C'80) exceeds the ter-
restrial ratio for A, < 40 magnitudes, with the highest values
occurring towards positions in the Bright Bar (where the pho-
toionisation levels are high and A, is lower). Fractionation is
expected to occur mostly in the first few A, of a cloud’s sur-
face (van Dishoeck & Black 1988). That it seems to extend far
more deeply into the cloud can be best understood within the
framework of a clumpy cloud model - fractionation occurring
on the surfaces of more deeply embedded clumps. At the higher
extinction values, the column density ratio is about half of the
terrestrial ratio - possibly a consequence of saturation of the
13CO, which may not have been completely corrected for by
the 7/(1-e~") correction factor in Eq. 1. If Ty, (*CO) has in
fact been overestimated, 7 (3CO) will increase, and N(13CO)
will be a strict lower limit. Detailed modelling beyond the scope
of this work would be required to comment further on how this
would modify Figs. 6 and 7.

Dutrey et al. (1993) have also noted for Orion that '3CO data
may lead to under-estimates of CO column densities compared
to those inferred from C!80 data, by factors of up to 5 - 10
(although they do not discuss its dependence on extinction). The
present data provide substantial support for '3CO fractionation;
a trend convincingly observed in the dark cloud BS (Young
et al. 1982). Specifically the '*CO becomes saturated on the
outer surface layers of clumps, whilst C!30 molecules require
a larger H, column density in front of them before a substantial
number can survive against photodissociation. Thus the C'#0
data sample material at a greater depth (than '3CO), and hence
may measure a different column density to that estimated from
3CO data. In a simplistic model, the CO data trace the low
density halo or external envelope of the cloud, the *CO data
trace the cloud to intermediate depths, and the C'80 originates
from throughout the cloud. The C'®0 data is almost certainly a
better tracer of the column density throughout most of the cloud,
consequently in this paper estimates of [C1)/[CO] will be based
on the use of C!80 data to infer N(CO). As further support for
this assertion, we will show later that there is also a correlation
between N(C'®0) and the 790 um continuum emission, which
is believed to be completely optically thin.

It is important to determine whether fractionation only
affects the '*CO abundances, or also affects other CO iso-
topomers. To test this, a similar analysis was applied to the rarer
C'80 and C'70 lines. In Fig. 8, the ratio N(C'30)/N(C'”O) ver-
sus A, shows a relatively constant ratio of 3 - 5 (compared with
the terrestrial ['#0}/['7O] ratio of 5 - Anders & Grevesse 1989,
and the interstellar value ~ 3.7 - Penzias 1981). There is a weak
trend for this ratio to decrease at lower A, values. This result
shows that the effect seen in Fig. 7 is almost entirely due to
13CO fractionation, rather than being a consequence of C'#0
depletion or fractionation. This has important implications for
cloud mass estimates. It has been common practice for CO col-
umn densities to be estimated using CO and '*CO data alone -
then by assuming a constant X(}3CO) to infer ngr,. The present
data show that fractionation does lead to a substantial increase in
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the Bright Bar region. The detections of the weak C!7O lines all have
reasonable signal to noise ratios - it is unlikely that the trend above is
due to low s/n values for the smaller A, points

X(13CO), with the consequence that many cloud mass estimates
may need to be revised downward to allow for it.

Figure 8 shows that for most points, the observed isotopic
ratio is lower than the terrestrial ratio, as was also reported by
Blake et al. (1987) towards the OMC1 core. There is a weak
trend for the N(C!30) / N(C!7O) ratio to decrease towards lower
A, although further data at lower A, values is needed to assess
the significance of this. It is however clear that the enhancement
seen in the '*CO abundances at lower A,, values, is not seen in
the C!70/C'80 data when analysed in a similar way.

Submillimetre continuum data at 790 um were convolved
to the same beamsize and gridding as the molecular data, and
compared with the isotopomeric column densities. In Fig. 9,
a graph is shown of the submillimetre continuum flux density
plotted against A, (which is proportional to the C'%0 column
density). The result for C'7O shows a similar trend.

There is a weak correlation between the 790 ym continuum
flux and N(C'80) extending over ~ 2 orders of magnitude in
A, and almost 3 orders of magnitude in 790 um flux density.
However, the spread of values is quite large, and the Orion Bright
Bar data lie systematically lower than the data points seen in
the OMCI cloud. These data do however give some support to
the assumptions made in this paper that Lada et al. ’s (1994)
relationship can be extrapolated to higher A,’s than their study
traced. However, similar studies to this will need to be made
towards other regions to give substance to such an extrapolation.

The dust/gas mass ratio can be examined with these data
- an important feature of which is that they are probably both
relatively optically thin. The dust mass, Mgy, s (in M units) for
a source at a distance D parsecs and flux density S, (in Janskys)
can then be estimated using the relationship;

Mayse = 1.8810710 (52) (1200) ™7 (e(%%) - 1) D* (3
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Fig. 9. Graph of the 790 um flux density convolved to a 20 arc sec-
ond beam, against A,determined from the C'®0 data, assuming the
Lada et al. (1994) relationship. The model fits show lines of constant
Maust/Mgas for an assumed dust temperature = 50K, and grain emis-
sivity, 3 =1.5 (following Wright et al. 1992). The Mgy s¢/Mgqs line is
further subdivided for values of Tq,st = 50 K and 100 K. The present
data do not modify the results of Wright et al. (1992), however it is
likely that a choice of # =2 may be more appropriate for the Bright
Bar, where it is expected that the grains may not be so covered as those
in the OMCI1 cloud. Further observational data are however needed to
resolve this issue

Lines showing constant gas/dust mass ratios are indicated
on Fig. 9, for an assumed dust temperature Ty, s; = 50 K and a
grain emissivity 3 = 1.5 (values representative of the material in
the OMCI cloud - Wright et al. 1992). For other nearby choices
of dust parameters, the flux density scales o< 1/Tgys: and
(. No corrections were made for any molecular line emission
contained in the continuum pass band; this may contribute as
much as 25 - 40 % of the total broad-band flux at the position
of IRc2 - but is probably negligible in other parts of the cloud
(Sutton et al. 1985; Greaves & White 1991). Most of the data
from the OMC1 cloud shows a dust/gas mass ratio averaging ~ 2
-4 %. This is somewhat higher than the canonical ratio of ~ 1 %
- which has been determined mainly at the centres of dense cores
in molecular clouds - the present result is more representative
of the widespread cloud material. We stress that a major source
of uncertainty which remains is a lack of knowledge of the
dust temperature and of 3. The Bright Bar data seem to form a
different population from the OMC1 cloud data. Their position
in Fig. 8 is consistent with them being hotter, and having a
higher 3 value, which would indicate grain material that was
not yet covered with an organic mantle. Such a scenario may be
appropriate for the dust in the Bright Bar, which is experiencing
strong shocks and uv irradiation, however we again caution that
these tentative conclusions rely heavily of guesses at the dust
temperature and of 3.

The excitation temperature in the C1 line remains uncertain.
A lower limit can be set by comparing the intensities at the
peaks of the *P; — 3Py and 3P, — 3P lines - as was attempted by
Zmuidzinas et al. (1988). Their best estimate for Tex (C1) =77 K
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was derived by comparing the spectra for the two lines obtained
with 150 and 80 arc second beams respectively, and making
assumptions as to how to correct their data for reference beam
emission. Using the present Cidata, it is possible to make a more
accurate estimate of the excitation temperature using matched
beams. The JCMT Ci data were convolved to a resolution of
80 arc seconds, to match the beamsize of Zmuidzinas et al. ’s
Ci data - removing the need to correct for different beam sizes.
The peak line intensities of the 3P; — 3Py and 3P, — 3P; spectra,
Tmb = 12.5 and 9.7 K respectively. Correcting Zmuidzinas et al.
’s spectrum for reference beam emission (as described in their
paper), Tex (C1) can be solved numerically from the relationship;

38.8
T2 | € 'ex _l)
1—

In LR

38.8
Tex

23.6 -
-— l_e —
1.28¢™ Tex — = 23.6 (4)
l—e ex Ty eTex —1

In{ 1— RN

This assumes that the excitation temperature is the same
for both lines, and that Ty, ; and Ty, 5 are the peak main beam
brightness temperatures of the lower and upper transitions. Solv-
ing this equation, the best fit value of T, for Ci is found to be
< 90 K. Varying the intensity of either of the spectra by 10 %
leads to a 10 - 20 % change in Tt . The optical depths of the
lower and upper lines are 7 = 0.27 and 0.39 respectively. To
test the assumption of equal excitation temperatures for both
lines, an LVG model was run using the data to examine this in
more detail. The ratio of the excitation temperatures of the two
transitions is relatively insensitive to the gas density, and varies
by less than + 20 % over a range of ~ 1 order of magnitude
in density, for conditions appropriate to the Orion molecular
cloud.

The CO J =2 — 1 data were convolved to the same 80 arc
second resolution as Zmuidzinas et al. ’s C1 3P, — 3P; spectrum;
the value of Ty, (CO) = 108 K, which for optically thick emis-
sion, suggests that the beam-averaged Tyin, ~ 110 K. Therefore,
to first order, for the purpose of inter-comparison of the beam-
averaged large scale distribution of Cr and the CO isotopomers,
it appears reasonable to set Ty (C1) ~ Ty (CO) - although it is
not certain that this approximation is appropriate to make when
modelling small scale structure within a cloud. This agrees with
the framework of the model of Meixner & Tielens (1993), in
which the low J CO lines and the Ci lines come from similar
interclump regions. Henceforth in this paper, it will be assumed
that T, (C1) is equal to T¢, (CO).

The beam-averaged C1 column density, N(C1) can then be
calculated using the relationship given by Keene et al. (1986);

N©D=19105 {efs 1345672} ot [ Trpdv (5)

For typical values found for the C1 data, setting T, (C1) =
0.5 T¢x (CO) or up to 5 times Tex (CO), results in changes to
N(C1) of < 10% - therefore the C1 column density estimates are
not very sensitive on T¢y , except where it is needed to calculate
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Fig. 10. Map of the beam-averaged abundance ratio [C1]/[CO] around
the position of IRc2. The contour intervals are in units of 0.005 (in
[C1)/[CO]) superimposed on a greyscale image with the darker portions
representing higher values, where the ratio reaches up to 0.12

the opacity (the Cr opacity is assumed to be < 1 in this paper
as seems to be the case towards other high-mass star-formation
regions). The N(C1) estimates at each point in the map can then
be used with N(CO) to examine the beam-averaged abundance
ratio [C1 }/[CO]. A map of this ratio is shown in Fig. 10.

The minimum value of this ratio occurs ~ 10 arc seconds
south of IRc2, close to the position of the “hot core’, where
the densities and temperatures are believed to be very high.
The south western Ci peak seen in the integrated intensity map
(Fig. 1a) does not show an enhanced [C1]/[CO] ratio, the highest
values in fact come from the north eastern peak. This lies on the
northern section of the extended ridge, at the edge of several
small clumps seen in the CS J =2 — 1 lines by Murata (1992).

A map of the ratio [C1)/[[CO] towards the Bright Bar ionisa-
tion front is shown in Fig. 11 (see over the page).

The present data set can be used to examine the variation of
[C1)/[CO] with the CO peak line temperature, and with A,. In
Fig. 12, the abundance ratio [C1)/[CO] is plotted against the CO
excitation temperature Ty (CO).

The values of [C1]/[CO] show a weak trend to decrease to-
wards the higher CO peak temperatures with a power law re-
lationship where [C1]/[CO]  Tix (CO)~28 ; the higher ratios
occurring in cooler gas, and close to the Bright Bar. The abun-
dance ratio [C1)/[CO] is plotted against CO column density in
Fig. 13.

This shows a good fit to a power law, with a slope similar to
that seen in the data of Frerking et al. (1989) obtained towards p
Oph. Extrapolating the fit to the data in Fig. 13 to lower column
densities, the extrapolated curve matches closely with values

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...299..179W

FTY9O5ACAT - ZZ997 “T7OW

Dec offset (arcseconds)

G.J. White & G. Sandell: C1, CO and 790 um continuum observations of the Orion molecular cloud and ionisation bar

| I | - L |
20 0 -20 -40 -60 -80 -100
RA offset (arcseconds)

Fig. 11. Map of the variation of [C1]/[CO] with N(CO) estimated from
the C'*0O data. The contours are in steps of 0.05. The darker grey scales
indicate a higher ratio of [Ci]/[CO]. Thus the Bright Bar is seen as a
minimum inthe ratio of [Ci]/[CO]. Although there is a clear minimum
towards the NE part of the Bar, the ratios still remain high over most of
the region. This map can be compared with the larger scale structure of
the Bar which is shown later in Fig. 14. The (0,0) position for this map
and that of Fig, 14 is ay950 = 5h 32m 57.78%, 61950 = -05° 26 20.0"
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Fig. 12. Plot of the beam averaged abundance ratio [Ci]/[CO] and the
CO J =2 — 1 peak temperature for the cloud around IRc2, and the
Bright Bar ionisation front. The best fit power law gives a relationship
[C1/[CO] =3.7 10* Tin (CO)~*¥, with a correlation coefficient of 0.62

of [C1)/[CO] obtained from ultraviolet data towards a group of
Orion stars by Federman et al. (1980), and others observed by
Jenkins & Shaya (1979). This suggests that a close correlation
between [C1]/[CO] and CO column densities extends over more
than three orders of magnitude, covering the range ~ 10'6 - 5
10" cm~2 (i.e. A, values ~ 0.1 - 500), and [C1}/[CO] ~ 10 -
0.01.

The estimates of [C1]/[CO] shown in Fig. 13 cover the range
of values typical of dense cloud cores and ionisation fronts
(Keene 1987; White & Padman 1991), the highest values, which
are predominantly towards the Bright Bar ionisation front, are
at the upper end of the range predicted in recent chemical mod-
elling for photodissociation regions (Pineau des Foréts et al.
1992; Schilke et al. 1993). Statistically there is no evidence that
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Fig. 13. Plot of the abundance ratio, [C1]/[CO] against the extinction.
These values match well with the trend shown by Keene (1987) based
on observations of a wide range of clouds observed with larger beams
for the high A, range, and from uv observations for A, < 1 mag. The
best fit power law gives a relationship [Ci)/[CO] ~ 3 A, "%, with a
correlation coefficient of ~ 0.8. These data do not extend to lower A,’s
shown in Fig. 6, since Ci spectra were not taken at every point where
13CO and C'®0 emission was detected

the Ci1 column density systematically deviates from this power
law relationship at the higher values of column density as orig-
inally suggested by Keene (1987), although it is true that the
lowest value coincides with the ’hot core’ position. The spread
in the C1 column densities is however large and further data sets
similar to the present may be needed to address this problem
further in a statistical manner.

The CO J = 4 — 3 emission towards the Bright Bar is
clumpy, peaking close to the J = 1 — 0 '3CO peaks in the map
of Tauber et al. (1994), suggesting that the hot gas is emitted
from the surface layers of dense clumps, rather than from the
interclump medium, as predicted in the modelling of Meixner
& Tielens (1993), and as observed towards M17 by White &
Padman (1991). The J = 1 — 0 CO line is quite opaque across
the whole Bar, since Ty, (CO/13CO) is typically 3 - 4 (White
et al. 1995) with the NRO 15 arc second beam. Maps of the Cr
and CO J =4 —3 and C'®0 J = 2 — 1 distribution towards
the Bright Bar are shown in Fig. 14.

The CO and Cr emission regions are more intense about
15 arc seconds deeper into the molecular material in the ridge
than at the positions of the highly excited gas at the edge of
the ionisation front (shown by the narrow ridge seen in optical
recombination lines (Miinch & Taylor 1974), PAH molecules
(traced by the 3.3 um emission), and hot dust (traced by the
10 um continuum radiation)). The lack of correlation between
the PAH molecules, the H, or the 10 um emission with ei-
ther CO or Cr1 suggests that a) ejected photoelectrons from the
PAH molecules do not significantly heat the molecular or atomic
gas as predicted by Verstraete et al. (1990), nor b) do the PAH
molecules lead to a local increase of the abundances of carbon
bearing molecules, which has been predicted as a consequence

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...299..179W

FTY9O5ACAT - ZZ997 “T7OW

190

0
N
/

-50 0

-100

-150

a) C130 J=2-1

50
o

-50

-100

-150

b) 790 pm continuum

50
®

Declination offset (arc seconds)

-50

-100

-150

c) C1

50
®

-50

-100

-150

d) CO I= 4.3

50 0 50 100 -150
Right Ascension offset (arc seconds)

Fig. 14a—d. Maps of the integrated a C'30 J = 2 — 1 lines over
the velocity range 4 to 14 km s~ with the first white contour at 3 K
km s™" with steps of 1.5 K km s~! ,and the b 790 um dust continuum
(convolved to 10 arc second resolution) with contour levels linear in
steps of 0.1 Jy / 10 arc second beam, compared with thecCO J =4—3
with the first white contour level at 250 K km s~' and intervals at 25
K km s™', and d Ci lines with the first white contour level at 35 K
km s~'and intervals at 3 K km s~ !, towards the Bright Bar. The (0,0)
position is the same as that of Fig. 4
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of their high chemical reactivity (Lepp & Dalgarno 1988) - in-
deed the PAH’s lie further into the HII region.

The Bright Bar is almost certainly heated both by shocks
from the expanding HII region (White & Phillips 1988) and
by ultraviolet radiation penetrating the clumpy gas. In the for-
mer case it is unlikely that a temperature enhancement would
be observed, since post-shock radiative cooling would lead to
a hot shock heated zone with a width less than ~ 1 arc second
wide (Phillips & White 1982; Omodaka et al. 1984). Graf et al.
(1990) have also argued against the importance of shocks and
dust-grain collisional heating as being the dominant excitation
mechanism. A more likely source of heating for the gas in this
bar is photoelectric heating (Tielens & Hollenbach 1985; van
Dishoeck & Black 1988; Sternberg & Dalgarno 1989; Burton
et al. 1990). These models have been successful at explaining
the fine-structure line emission from photo-dissociation regions,
but not the large column densities of hot gas present (Graf et
al. 1993). They are however consistent with the fluorescent H,
(Burton et al. 1990; Parmar et al. 1991) lines detected at some
positions in the Bar. Tielens & Hollenbach (1985) have shown
that the photoelectric effect is most efficient at A, ~ 3 magni-
tudes; the column densities observed towards the centre of the
Bar indicate A, ~ 50 magnitudes, requiring that the Bar must
be fairly clumpy for the ultraviolet radiation to penetrate.

Within the last few years the picture that has emerged to
explain the unexpected high abundances of Cr observed to-
wards Galactic molecular clouds is a consequence of the photo-
dissociation of CO molecules on the surfaces of dense clumps
of gas by ultraviolet radiation. This apparently ubiquitous distri-
bution of Ci can then be understood in terms of time dependent
chemistry on the surfaces of rotating molecular clumps (Mon-
teiro 1991); the transfer of UV radiation scattered through a
two-phase clumpy medium (Hobson & Padman 1993); or by
multi-phase clumpy clouds (Meixner & Tielens 1993). Recent
observational studies of C1 have shown its abundance relative to
CO; a) in shielded galactic molecular clouds (both cool and
warm centred clouds) [C1]/[CO] ~ 0.05 - 0.3 (Keene 1987;
White & Padman 1991; Schilke et al. 1994); b) in molecular
outflows [C1]/[CO] averages ~ 0.2 (Walker et al. 1993; Minchin
etal. 1994), c) in two external starburst galaxies (M82 and N253
by White et al. 1994b and Israel et al. 1994) [C1)/[CO] ~ 0.3
- 0.5), ¢) in the J -shocked gas at the edge of the IC443 su-
pernova remnant [C1]/[CO] ~ 1 - 3 (White 1994), and d) in a
Galactic high latitude translucent cloud [C1 }/[CO] is ~ 3 - 6
(Stark & van Dishoeck 1994). Finally, ultraviolet observations
show that in low A, material (< 1 magnitude of optical extinc-
tion), [C1)/[CO] is in the range ~ 1 - 50 (Federman et al. 1980;
Frerking et al. 1989).

The [Ci1)/[CO] abundances in the Orion region can be com-
pared to the predictions of photodissociation region models such
as those of Hollenbach et al. (1991), Tarafdar (1991), Pineau
des Foréts et al. (1992), Flower et al. (1994), Le Bourlot et al.
(1993), Schilke et al. (1993, 1994). These models show that
[C1] / [CO] can depend on the fractional ionisation of the gas.
Whilst strong cosmic ray fluxes or shocks may be important to
the high [C1)/[CO] abundances observed towards the starburst
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galaxies and in IC443, they are less likely to be major contrib-
utors to the [C1}/[CO] ratio in more quiescent molecular cloud
material such as the regions of the Orion Cloud away from IRc2.
Flower et al. (1994) show that high [C1]/[CO] abundances can
occur in a transition zone between high density gas, where the
ion-neutral chemistry is driven by proton transfer with Hz* and
lower density material where charge transfer with H* becomes
more important. The largest CI column densities occur in gas
with ng ~ 5500 cm~2, for a cosmic ray ionisation rate ¢ =
10~!7 s~ (Pineau des Foréts et al. 1992).

These condition predicted in the modelling are very similar
to those observed toward the Orion cloud. We still do not have
good observational probes of the state of ionisation in photo
dissociation regions, but even in the Bright Bar the [C1]/CO]
ratios still fall in the ranges predicted by the modelling. It is
possible to get high [C1]/CO] ratios anywhere outside this tran-
sition zone discussed by Flower et al. (1994), however the CO
column densities may be lower as a consequence of the car-
bon being driven into Cil. Schilke et al. (1994) model the C1
abundances in the dark cloud TMC-1, getting good agreement
with a photo dissociation region model even in relatively low
density material (ng, ~ 2000 cm™? illuminated by the standard
interstellar UV field and cosmic ray flux). The clearest example
of Cr1 excited in a photo dissociated gas is shown in Figs. 11
and 14, where the [C1]/[CO] ratio decreases sharply on moving
deeper into the dense material in the bar, whilst remaining high
just to the Northwest of the bar, in the direction of the ionising
stars. This appears as a classic photo dissociation zone, clear
stratification (progressing from the photo ionised side into the
dense molecular ridge) being seen with the first layer being hot
dust (3.3 and then 10 um emission), then H,, C1 and finally CO.

5. Conclusions

a) The Ci distribution is highly fragmented, and concentrated
into several regions well separated from the IRc2 molecular
core.

b) The CO J = 4 — 3 emission around IRc2 peaks along
a narrow ridge lying to the South of the OMCI1 core. The
wings show a prominent bipolar outflow centred close to IRc2.
Weak self-absorption is seen towards the ’Hot-core’ source. The
Bright Baris seen clearly in the CO data, and has gas with bright-
ness temperatures < 175 K in places.

¢) The CO column densities estimated from '*CO data are
about half those inferred from C'80 data. This highlights the
dangers inherent in using '*CO data alone to estimate cloud
masses or column densities.

d) There is substantial isotopic fractionation of the '*CO
molecules, with N(!3CO)/N(C'30) enhanced in the lower A,
regions of the cloud by ~ one order of magnitude relative to the
higher opacity parts of the OMCI1 cloud. The ratio of column
densities in the Orion Bright Bar scales as ~ 90 A, ~%92, a trend
that connects to lower A, values inferred from ultraviolet data.
There is no evidence for a similar trend for strong fractionation
of C!80 or C!70, although there may be a weak trend for the
relative C'80 abundance to decrease in the lower A, regions.
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e) The average dust/gas mass ratio in the OMCI cloud is
~ 0.025, for reasonable choices of dust properties. The values
for the Bright Bar ionisation front are somewhat smaller. These
values are however very uncertain due to lack of knowledge of
the dust temperature and of 3. The C'®0 and C'70O line intensi-
ties are correlated with the continuum emission, suggesting that
the isotopomeric CO lines are optically thin.

f) Comparison of the 3P, —3P; and 3P; —3P, Ci lines suggests
Tex (C1) 2 90 K, which is close to Ty;,, derived from the CO
J=2-1 lineof ~ 110 K.

g) The highest values of the [C1]/[CO] ratio are seen to-
wards the northern section of the Orion molecular ridge, with
a minimum just south of IRc2, close to the hot core. The abun-
dance ratio [C1]/[CO] also shows a weak correlation with the CO
J =2 — 1 line temperature, and a strong correlation with the
C'30 column density (which we suggest is to be proportional
to the extinction), suggesting [C1]}/[CO] 3 A, 8.

h) Clear evidence for stratification in the photo dissociation
region of the Bright Bar is seen, with the C1 lying adjacent to
the CO peak, along the direction towards the exciting stars, but
inside the Hy, 3.3 and 10 ym emission. The material associated
with the Bright Bar shows the strongest '3CO fractionation, and
has the highest [C1]/[CO] abundance ratios, supporting models
in which photo dissociation in the strong ultraviolet field at the
edge of the Bar plays an important role in the gas excitation.
In particular a strong decrease in the [C1]/[CO] abundance ratio
is inferred between the material lying just outside the Bar, and
in the denser gas further in, which is not yet fully illuminated
by the external radiation field. The abundance ratios observed
throughout the Orion Cloud and the Bright Bar are in good
agreement with those predicted by photo dissociation chemical
modelling.
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