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Abstract. Millimeter and submillimeter observations of 53 ro-
tational transitions of 18 different molecules and their isotopic
varieties are presented at five positions on a strip crossing the
Orion Bar. These data are used to study the physical and chemi-
cal conditions with increasing depth into the photon—dominated
region (PDR). It is found that all molecules show about the same
intensity distribution across the Bar. They peak ~ 30" outside
the ionization front, and fall off to about 10-20% of their peak
values on either side. An excitation analysis of C'#0, H,CO,
CS and HCO" shows that the Orion Bar is best described by
an inhomogeneous density distribution where ~ 10% of the
molecular material is comprised in clumps of hydrogen number
density ny,~ 1*3910% cm™3 and ~ 90% in a homogeneous
interclump medium of ny,~ 329 10* cm~3. The kinetic tem-
perature is found to be 85 + 30 K. No significant variations in
these physical parameters occur across the Bar. It is therefore
concluded that the observed peak in the molecular rotational
emission corresponds to a peak in molecular column densities.
A geometric model for the Orion Bar is proposed in which with
increasing distance from the ionizing stars, the PDR changes
from a face—on to an edge—on geometry and back. The increased
emission is then caused by the increased length of the line—of—
sight through the PDR. This model is found to correspond well
with other observations.

Key words: ISM: Orion Bar — ISM: molecules — ISM: structure
—radio lines: ISM

1. Introduction

When a molecular cloud is illuminated by an intense far—
ultraviolet radiation field, a so—called photon—dominated region
(PDR) is created. The copious amounts of far—ultraviolet pho-
tons of young OB stars create an H 11 region in their immediate
vicinity. Beyond the limit of this H1I region, set by the pene-
tration length of photons with an energy in excess of the 13.6

Send offprint requests to: M.R. Hogerheijde

eV Lyman limit, a PDR is created in the transition zone to the
parental molecular cloud.

The Orion Bar is a conspicuous example of a PDR. It is
located approximately 2’ south-east of the Trapezium stars and
forms part of the larger Orion Molecular Cloud 1 (OMC-1 or
Orion—A), which lies at a distance of approximately 450 pc. This
cloud is the scene of massive star formation. The youngest of
these stars form the Trapezium (' Ori) OB association, and are
the ionizing source of the Orion Nebula H 11 region. The Orion
Bar forms the sharp edge of the 6 cm continuum emission tracing
the bulk of the H1I region (Johnston et al. 1983). Just outside
this ionization front, layers of enhanced atomic and molecular
emission have been detected. For example, Boreiko et al. (1988)
find strong [C11] 157.8 um %P3/, —? P, fine-structure lines
at the Orion Bar, whereas Stacey et al. (1993) have mapped
OMC-1 in the [C11] 158 um line and White & Padman (1991)
in the [C1] 609 pm line. Strong [O 1] 63 pm emission is found
by Stacey et al. (1983) and [Si11] 35 um by Haas et al. (1986).
The presence of large amounts of warm, dense molecular gas
(ng,> 10* cm™3, Tiy,~ 100 K) is indicated by '3CO 6 — 5
and 3 — 2 observations of Graf et al. (1990), and '2CO 7 — 6
and 14 — 13 data of Stacey et al. (1993).

Even higher temperature molecular gas up to 7" ~2000 K is
probed through the ro—vibrational transitions of H,. Hayashi et
al. (1985) report observations of vibrational emission of Hj at
nine positions at 14" intervals along a strip perpendicular to the
Orion Bar. From comparison of the ratio of the Hy v =1 — 0
S(1)and v =2 — 1S(1) lines, and the integrated intensity of CS
J =2 — 1 (Omodaka et al. 1984), they conclude that the gas
at the molecular peak is shock excited, whereas that away from
the peak is more fluorescently excited. Parmar et al. (1991) have
made observations of low—J, pure rotational transitions of H,
v=0J=3—1and4 — 2 (17 pm and 12 pm respectively)
at eight positions on a northwest—southeast line across the Bar.
They find that the emission of both lines peaks about 15" outside
the ionization front and derive kinetic temperatures decreasing
from ~ 1000 K to ~ 400 K with increasing depth into the cloud.

The observations of enhanced atomic and molecular emis-
sion in the PDR region are consistent with models of such re-
gions developed e.g. by Tielens & Hollenbach (1985a), van

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995A%26A...294..792H&amp;db_key=AST

FTIOLARA © Z 2947 T 7T92H

Hogerheijde et al.: Millimeter and submillimeter observations of the Orion Bar. I

Table 1. Telescopes: technical details

793

Telescope Band Opeam Beam Resolution Beam dilution 7
efficiency Aa = 10"
GHz " Nimb kms™! Aa=15" Aa=20"
JCMT 230 21 0.65* 0.1,0.4 0.82 0.86
345 15 0.50 0.16 0.91 0.93
492 11 0.37 0.31 0.92 0.94
CSO 230 32 0.72 0.60, 0.06 0.68 0.74
345 20 0.60 0.40,0.04 0.81 0.85
IRAM 30m 90 27 0.60 0.34 0.74 0.80
140 17 0.59 0.21,1.20,2.30 0.87 0.90
230 13 0.45 0.21,1.20 0.92 0.94
NRAO I2m 140 44  1.0° 0.21 0.66 0.72

 Data obtained in August 1992 have 7mp =~ 0.53, in April 1994 have 9mp >~ 0.70.

® Spectra obtained at NRAO 12m are in Ty rather than T'5.
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Fig. 1. Contour map of 6 cm continuum emission toward the Orion H 11
region (adapted from Johnston et al. 1983). The Orion Bar is delineated
by the sharp ionization front in the southeast. The observed five posi-
tions are indicated with triangles. The positions of the Trapezium stars
and 6?A Ori are indicated with dots

Dishoeck & Black (1988), Sternberg & Dalgarno (1989), Burton
etal. (1990), Le Bourlot et al. (1993), Meixner & Tielens (1993)
and Koster et al. (1994) at various levels of sophistication. For
the specific case of the Orion Bar, Tielens & Hollenbach (1985b)
estimate that the radiation from the Trapezium stars corresponds
to an enhancement over the average interstellar radiation field
of a factor ~ 4.4 10*. The star §?A Ori lies just south—east of
the Orion Bar (outside the ionization front; see Fig. 1) and can
contribute as well to the radiation field, having a spectral type

09.5. However, it is well known that the models, which apply
to semi—infinite homogeneous slabs, fail to reproduce quanti-
tatively the large observed amounts of warm CO (e.g. Graf et
al. 1990; Graf et al. 1993), even with such high radiation fields.
In order to solve this problem, it has been suggested that the
PDR’s have a clumpy structure, allowing the ultraviolet radia-
tion to penetrate deeper into the cloud through the more diffuse
interclump medium. Indeed, Tauber et al. (1994) have recently
observed the Orion Bar at high angular resolution (6-10") in
2CO and *CO J = 1 — 0 and HCO* J = 1 — 0 using
the BIMA (Berkeley Illinois Maryland Array) interferometer
combined with FCRAO (Five College Radio Astronomy Ob-
servatory) single—dish data, and concluded that it consists of a
homogeneous medium of ny,~ 5 10* cm™3 with a small num-
ber of dense (ny,> 10% cm™?) clumps dispersed throughout it
(see also Tielens et al. 1993). These results, which became avail-
able after most of this work was completed, are quite consistent
with the physical parameters found here (see Hogerheijde et
al. 1994 for an earlier report).

Most previous observational studies of the Orion Bar have
focussed on the atomic component, the distribution of the CO
molecule in various transitions and the lowest (J = 1-0 or 2-1)
millimeter lines of molecules with larger dipole moments such
as HCO™* and CS. However, for the high densities inferred for
PDR’s, the higher-lying submillimeter lines of these molecules
are much more appropriate to constrain the physical structure.
In addition, very little is known about the variation of molecular
abundances across a PDR. The high spatial resolution offered
by the submillimeter observations allows a detailed study of the
chemical abundances in these regions. Since the Orion Bar PDR
has been shown to be oriented almost perpendicular to the line—
of-sight, it provides an excellent target to study the effect of the
penetrating far—ultraviolet radiation on the physical parameters
and chemical composition of the gas.

We have therefore performed millimeter and submillimeter
observations of rotational lines of a large variety of molecular
species toward five positions along a strip perpendicular to the
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Fig. 2a. Observed spectra of ?CO, C'*0, C'70 and HCO* at the five positions toward the Orion Bar. Vertical scale is antenna temperature Tk

in K, horizontal scale is Visg in kms™!

Bar. We have chosen these positions from the original nine po-
sitions of Hayashi et al. (1985). They lie, in projection, in the
H 11 region, at the ionization front, at the peak of the molecular
emission and at increasing depth into the cloud (see Fig. 1). Our
original motivation for choosing these positions was to also in-
vestigate the influence of shocks versus photons on the physical
and chemical structure. However, as will be shown below, no
evidence for the presence of strong shocks is found, contrary to
the conclusion of Hayashi et al. (1985). Our aim is to derive from
the observed transitions the H, number density, kinetic temper-
ature and molecular column densities with increasing depth into
the molecular cloud, and to devise a physical model explaining
the observed characteristics. In a subsequent paper (Paper II,
Jansen et al. 1994b) chemical modeling will be based on this
model.

In Sects. 2 and 3, the observations are presented and the
reduction methods discussed. In Sect. 4 the H, number density
and kinetic temperature are derived using a homogeneous den-
sity model. We find such a model unable to explain the observed
properties, and derive an inhomogeneous density model in Sect.
5. Molecular column densities are determined using the inferred
density and temperature distributions. In Sect. 6 we propose a
pure geometrical model explaining the observed characteristics
of the Orion Bar.

2. Observations

From 1990 to 1994, 53 transitions of 18 different molecular
species and some isotopic varieties were observed with the
James Clerk Maxwell Telescope JCMT)!, the Caltech Submil-
limeter Observatory (CSO)?, the Institut de Radio Astronomie
Millimétrique (IRAM) 30m telescope and the National Radio
Astronomy Observatory (NRAO) 12m telescope’. Table 1 sum-
marizes the characteristics of the telescopes, such as their beam
sizes at the observed frequencies and the velocity resolution of
the backends used during the observations. The data were taken
at five positions, 28" apart, on the same strip almost perpen-

! The JCMT is operated by the Royal Observatory, Edin-
burgh, on behalf of the Particle Physics and Astronomy Re-
search Council of the United Kingdom, the Netherlands Or-
ganization for Scientific Research and the National Research
Council of Canada.

2 The Caltech Submillimeter Observatory is operated by the
California Institute of Technology under funding from the U.S.
National Science Foundation (#AST90-15755)

3 The National Radio Astronomy Observatory is operated by
Associated Universities, Inc., under cooperative agreement with
the U.S. National Science Foundation.
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Fig. 2b. Observed spectra of HCO at the five positions toward the Orion Bar. Vertical scale is antenna temperature Tx in K, horizontal scale is

Visr inkms™ !

dicular to the Orion Bar as used by Hayashi et al. (1985) (see
Fig. 1). This spacing corresponds to one or two times the typi-
cal beam size, which varies from 14" to 32”. The positions are
designated by (Aa, A6) with respect to 950 = 57325257 and
S19s0 = —5°27’00" (the position of the ionization front), and
have been chosen to coincide, in projection, with the H1I re-
gion (—20",20""), the ionization front (0", 0"), the peak of the
molecular emission (20", —20"") and with positions at increas-
ing depth into the surrounding molecular cloud (40", —40”) and
(60", —60""). Examples of spectra are presented in Fig. 2. In the
following, the positions will be denoted by their A« coordinate
only.

The observations made with the JCMT and the CSO were
obtained in double sideband mode, those at IRAM and NRAO
in single sideband mode. It was assumed that either the sideband
ratio was unity or that sideband cancellation was total. All ob-
servations were made in position switched mode, using an offset
of +30’ in azimuth. A correction was made for the “flatfield”
of the JCMT RxB3i receiver (350 GHz), which was found to
have a varying response by ~ 20% across its bandwidth (Baas,
private communication).

To obtain information on the spatial extent of the emission,
the strip across the Bar was sampled at less than half beam
width intervals with steps of 5" in Aa and A6, in C'*02 — 1

and SO 2, — 1 using the IRAM 30m telescope (Fig. 3). In
addition, two maps of about 100" x 100" centered at the peak
of the emission were made. The first is a fully sampled map (22"
spacing) in the H,CO 2, — 1;; transition using the NRAO 12m
(Fig. 4). The second, higher resolution map was obtained in the
HCO* 3 — 2 transition using the JCMT. It was fully sampled
(10" spacing) around the region of the emission peak, and more
sparsely sampled away from it (Fig. 5).

The observed antenna temperatures T’y are corrected for
main beam efficiency using the factors listed in Table 1. From
the fully sampled observations of C'0 and SO along the strip
and from the HCO* 3 — 2 map (see Sect. 3, Figs. 3 and 5),
it is found that the emission has a peak with FWHM 20” in
A« (i.e. 30”7 on the sky) perpendicular to the Bar, but nearly
constant intensity along the Bar. Thus, observations made with
beams comparable to the width of the Bar or larger suffer from
beam dilution, and the data have to be corrected for this effect
before they can be combined with results obtained in different
beams to determine line ratios. The estimated correction factors
7. for the various telescopes are included in Table 1, and were
derived assuming Gaussian shapes for the telescope beams, and
a Gaussian shape for the intensity distribution across the Bar. In
doing so, it is assumed that all transitions show similar distri-
butions, as is the case for C'80, SO and HCO*. The corrected
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Fig. 2¢c. Observed spectra of HCN and CS at the five positions toward the Orion Bar. Vertical scale is antenna temperature T in K, horizontal

scale is Visg inkms™!

antenna temperatures correspond to Ty in the notation of Kut-
ner & Ulich (1981). Because the beam sizes are of order 30”
or less, the applied corrections for beam dilution were no larger
than 25%. Only observations at Aa = 10”, 15" and 20" have
been corrected, since at greater distances from the peak, the in-
tensity shows no variation on scales comparable to the beam
sizes. This might underestimate the intensity at A = 0" and
40" somewhat, as some beams are large enough that they are
still slightly sensitive to emission from the peak at these po-
sitions. However, the resulting errors are no larger than those
due to other effects, e.g. small pointing errors (up to 5 at the
various telescopes).

The relative errors in Ty for transitions obtained with differ-
ent telescopes or beam sizes are estimated to be about 30-40%,
consisting of the error in the observations (10-20% for reason-
able signal-to—noise), and the error in the correction factors for
beam efficiency and beam dilution (20-30%). It is found that
observations of the same transition at different occasions or with
different telescopes agree to within this level. In Sects. 4 and 5
we will use the ratio of intensities, which have a relative error
of 60% or less. If, however, observations made with the same
beam size, or even within the same spectrum, are combined, the
correction factor for beam dilution (and for beam efficiency)
cancels, increasing the level of accuracy. On the other hand, at

the positions Aa = +40” and +60”, the signal-to-noise of the
data is less, resulting in larger errors.

From the observed profiles presented in Fig. 2, it appears
that two velocity components separated by about 1.5 kms™!
are present in the emitting gas, especially at the Ao = —20"
and 0" positions. These two velocity components become more
apparent in Fig. 4, where the contour map of the H,CO 2;; —
111 emission is shown integrated over 5.0-9.0 kms~! and 10.0-
14.0 kms™!, respectively. It is clear that the two components
have very distinct spatial distributions, and that only the high
velocity component is associated with the Bar. The low velocity
component is attributed to a background (or foreground) cloud
belonging to the Orion Ridge. This is consistent with the findings
of e.g. Schloerb & Loren (1982) and Tauber et al. (1994). For
some molecules (e.g. SO) only the component associated with
the Bar appears to be present. Because of this, the derived width
of the Orion Bar is not affected by the second component. Fits
to the profiles of these molecules give V1 .sg=10.3+0.4 km s~!
and a FWHM AV = 1.8 4 0.3 kms~'. These parameters for
the Bar component were subsequently used to fit the profiles
of other species, resulting in the parameters Visg ~ 9 kms™!
and AV =~ 3.5 kms~! for the background cloud component. It
appeared that most spectra could be fit consistently with these
two sets of parameters, the major exceptions being '2CO, HCO*
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Fig. 3. Intensity distribution of SO 2, — 1; (top) and C*0 2 —
1 (bottom) observed in steps of 5 in both Aa and Aé. Data were
obtained with the IRAM 30m telescope. The Trapezium stars lie to the
right side of each plot. From these observations a FWHM of ~ 30" is
derived for the brightness distribution of the Bar. The C'*O distribution
also shows emission from the background OMC-1 at positions away
from the peak

and HCN (see below). The C'#0 2 — 1 (Fig. 3) shows an
additional underlying, more broadly distributed component at
Visr =~ 10 kms™! due to the OMC-1. This cloud does not
affect the emission in other lines (see Sect. 5.2).

3. Results

In Table 2 the parameters of the Gaussian fits to the data for the
component at Visg ~ 10.3 kms~! associated with the Orion
Bar are presented. In Fig. 6 the observed T are shown, normal-
ized to their value at the peak position. It is seen that most
transitions have similar intensity distributions. They peak at
(20", —20"), and fall off to about 10% of their peak value at
the outer positions. There are a few exceptions to this behav-
ior. The 12CO 3 — 2 intensity shows only a relatively small
enhancement at the peak position, and its line profile is much

797

broader than that of any other species (4-5 kms™! as opposed
to 2-4 km s~ ). This is probably caused by the fact that the Bar
is optically thick at this transition due to the large abundance
of 12CO. This line can therefore be used as an indicator of the
kinetic temperature Ty, of the gas (see Sect. 4).

Other exceptions are HCN 3 — 2 and 4 — 3, and HCO*
3 — 2 and 4 — 3. While their profiles can be fit in the usual
way with two Gaussians at positions offset from the emission
peak, their profiles at (20", —20") cannot. Also, the peak in their
intensity distribution across the Bar is slightly less pronounced.
This is again most likely caused by the fact that the gas is op-
tically thick for these transitions at the peak position, so that
for this position only the parameters of single Gaussian fits are
listed in the table. It will later be shown in Sect. 5 that according
to the model derived from the other lines, the cloud is indeed
somewhat optically thick in these transitions at this position.
This is also supported by the detection of H'3CO* 3 — 2.

It is assumed here that the contribution of any possible error
beam of the telescopes is negligible. Considerable power in
an error beam with an extent larger than 30” would reproduce
the observed low level emission at Aa # 20” by picking up
emission from the peak. The similarity of intensity distributions
obtained with different telescopes suggests that the observed
distributions are not caused by an instrumental effect. Recent
measurements of the JCMT beam shape at 240 GHz shows that
the response outside the main beam is less than 2% of that of
the main beam (Sandell, private communication).

The fact that higher excitation lines of simple molecules
such as CS 7 — 6, H,CO 5;5 — 44, HCO* 4 — 3 and HCN
4 — 3 are readily detected at various positions across the Bar
indicates that densities of the order of 10% cm~3 are present. The
highest excitation line observed is the HyCO 7,7 — 614 transi-
tion at 491.969 GHz for which the JCMT spectrum presented in
Fig. 7 shows a 2¢ feature. The critical density of this transition
is about 3 107 cm~3. In terms of the chemistry, a large number
of other molecules have been detected at one or more positions
toward the Orion Bar, including C,H, CN, HNC, CH;0H, SO
and SO,. Particularly interesting is the detection of H,S in this
PDR (see Jansen et al. 1994a) and that of CO*, for which the first
identification in the interstellar medium has only recently been
reported by Latter et al. (1993) in the PDR M17SW and the plan-
etary nebula NGC 7027. Undetected at a noise level of 0.10 K
or less are higher—lying transitions of H, '*CO, CH; CCH, DCN,
HNCO, CH3CN, and SiO. More details about these species will
be presented in Paper II (Jansen et al. 1994b).

4. Excitation analysis

The excitation analysis of the Orion Bar has been based primar-
ily on the transitions of CS, C'#0, HCO* and H,CO. For these
molecules, the observed lines are optically thin and have high
enough signal-to—noise at the five positions. An exception may
be CS at Aa=20", where the observed ratio CS/C34S~ 10 £ 2,
suggesting an optical depth of about unity for the 5 — 4 tran-
sition. In Sect. 5.2 it will be shown that all included lines are
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Table 2. Parameters of Gaussian fits to the observed profiles

Aa=-20" Aa=0" Aa=20" Aa=40" Aa = 60"
Molecul Freq; y Telescop AV Ty f TRdV AV Ty JTydV AV Ty [TrdV AV Ty JTdv AV Ty f TrdV
Transition MHz kms~! K Kkms~! kms-!'K Kkms=! kms=!'K  Kkms~! kms-!'K Kkms=! kms~! K Kkms-!
2CO03~2 345796 JCMT-94 24 786 1988 28 644 1912 2.0 1088 236.0 15 630 100.0 18 352 676
Cc¥02—1 219560 IRAM-92 1.7 146 259 21 281 623 18 8.48 16.1 18 338 646 18 101 193
C¥03—2 329331 JCMT-92 1.6 126 219 1.8 140 267 19 153 302 18 284 541 18 080 154
c03 2 337061 JCMT-92 - <20 - 18 056 1.08 18 363 697 - <02 - - <02 -
HCO*1—0 89189 IRAM-91 18 225 432 18 508 9.86 15 275 450 22 115 274 20 7.00 148
HCO*3 —2 267558 CSO-90 1.8 040 0.76 1.8 154 294 26 114 312 1.8 268 5.14 1.8 222 422
HCO*4 -3 356734 JCMT-92 - < 10 - 18 131 252 27 131 376 15 142 232 18 178 342
H®CO*3 —2 260255 JCMT-93 - - - - - - 1.8 070 137 - - - - - -
H,CO2;; — 1;; 140840 IRAM-91 1.8 055 1.05 18 221 424 1.8 7.09 13.6 1.8 158 3.02 18 117 226
H,CO3pp—2;; 225698 JCMT-92 1.8 024 046 1.8 049 094 18 438 841 18 030 057 1.8 026 051
H,CO 515 — 4y, 351769 JCMT-92 - < 02 - 1.8 175 337 18 373 1713 18 032 0.1 - <02 -

H,COTyy — 616 491969  JCMT-94* - - - - 15 151 249 - - - - - -
H,CO3p3 — 2, 218222 JCMT-93 18 009 0.8 18 118 225 18 347 6.65 18 015 030 1.8 013 025

H;CO33 —2; 218476 JCMT-92 18 008 0.3 18 071 136 18 155 297 18 030 057 - <008 -
HyCO3y% — 2, 218476 JCMT-93 - - - 18 032 062 18 124 237 - <005 - - - -
H;CO3y — 2 218760 JCMT-93 - < 008 - 18 082 157 18 141 270 - <008 - - <008 -
HyCO 505 — 404 362736  JCMT-92t - < 013 - 18 058 110 18 087 168 - <013 - - <013 -
HC03;; — 2, 219909 JCMT-92 -~ - - - <010 - - - - - - - - - -
HCN1—0 88632 IRAM-91 18 132 252 18 394 17152 18 112 214 18 103 197 1.8 082 156
HCN3 —2 265886 CSO-90 - <10 - - <10 - 35 62 230 18 121 231 - <10 -
HCN4 =3 354505 JCMT-92 18 040 074 18 154 296 31 69 227 - - - 18 048 092
CS2—1 97981 IRAM-91 18 082 157 18 102 195 18 179 306 18 190 3.63 18 127 243
CS3—2 146969 IRAM-91 32° 039 134 320 064 216 324 109¢ 367 320 193¢ 656 320 0514 175
CS5—4 244936 JCMT-94 18 009 0.17 18 083 157 18 140 272 18 089 189 18 037 o0m
CS7T—6 342883 JCMT-94 - <02 - 18 044 0384 15 121 181 18 054 104 - <02 -
Cc*s54 241016 JCMT-92 - - - - <014 - 18 123 238 - <014 - - - -
CHds — 3, 349338 JCMT-92% - < 025 - 18 123 235 18 142 27 18 052 099 18 029 055
CHdy — 35 349399  JCMT-92% - < 025 - 18 095 181 18 128 244 18 029 055 - <025 -

Table 2. (continued)

Aa=-20" Aa=0" Aa=20" Aa = 40" Aa =60"
Molecule Frequency Telescope AV Tx [ThdV AV Tx [TedV AV TR [TrdV AV Tk [TedV AV Tx [TedV
Transition MHz kms=' K Kkms~! kms~'K Kkms~! kms~'K  Kkms~! kms~!K Kkms-! kms=!'K  Kkms-!
CH;OHS5p — 49 A* 241791  JCMT-92 - - - - <006 - 18 062 091 - <006 - -~ <006 -
CH,OHS; = 4, E- 241767 JCMT-92 - - - - <005 - 17 082 099 - <005 - - <005 -
CH;OH1; — 0p A* 350905 CSO-94* -~ - - - - - 500 013¢ 075 - - - - - -
CH;CCH 200 — 199 341741  JCMT-92 - - - - <009 - - - - - - - - - -
CN233 — 133 226360 JCMT-92 - - - 18 057 109 18 081 15 - <014 - - - -
CN33 —2 340035 JCMT-92° - <02 - 18 105 200 18 347 662 18 030 057 1.8 037 07
CN3§ —2 340248 JCMT-92° - <02 - 18 214 408 18 783 150 18 025 048 - <02 -
HNC1—0 90664 IRAM-92 18 055 105 18 266 510 18 553 106 18 200 383 18 140 2.69
HNC4—3 362630 JCMT-92t - < 01 - 18 081 155 18 105 201 - <01 - - - -
DCN5 =4 362046  JCMT-92 - - - - <006 - - - - - - - - - -
HNCO 605 — 505 131886 IRAM-92 - < 004 - - <004 - - <004 - - <004 - - <004 -
CH;CN 13g — 12x 239200 JCMT-92 - - - - <005 - - <005 - - - - - - -
NO 1§ — 351043 CSO-94* - - - - - - 300 020 065 - - - - - -
NO 44 — 351051 CSO-94¢ - - - - - - 244 030° 078 - - - - - -
$02, —1; 86094 IRAM-92 - < 009 - 20 030 063 20 082 175 - <009 - - <009 -
SO 65 — 54 219949  JCMT-92 - - - 16 064 1.09 19 581 118 1.6 033 056 - - -
SO 8 — 77 344311  CSO-92 - - - 20 047 100 19 149 3.00 - - - - - -
SO9s — 8, 346528 JCMT-92t - < 02 - - <02 - 18 182 350 - <02 - - <02 -
SOz 524 — 413 241616 IRAM-92 -~ - - - <005 - 19 033 069 - <005 - - <005 -
HyS 110 = 1oy 168763 IRAM-92 18 043 081 18 485 929 18 188 360 18 268 512 - <05 -
Si08 ~ 7 347331  JCMT-92 - - - - <012 - - <012 - - - - - - -
CO* 23 —1 235790 CSO-92* - - - - - - 18 013 025 - - - - - -
CO* 28 —1 236063 CSO-92* - - - - - - 18 016 031 - - - - - -
CO* 34 — 2 354014 CSO-94* - - - - - - 40' 018 075 - - - - - -
CO* 33 — 2. 353741  CSO-94* - - - - - - 354 013¢ 052 - - - - - -
Ci1 =0 492161  JCMT-94* - - - - - - 25¢  7.05¢ 19.1 - - - - - -
t Possible pointing offset.
4 Spectrum obtained at Aa = 15",
% C,H 45 — 3, and 4, — 3, doublet fit ing relaty ibutions 1 ; 0.08 and 1 : 0.74 respectively.
€ CN 3§ — 24 and 3] — 2§ doublet fit ing equal contributions for all components

¢ Unresolved lines: profiles are dominated by instrumental broadening.
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Table 3. Results of homogeneous models
Ratio Tg / Tr ny, (cm")

Transition Telescopes Aa ==20" 0" 20" 40" 60" -20" 0" 20" 40" 60"
C®03—-2/2-1 JCMT/IRAM 0.86 050 179 0.84 0.79 1104 110* >310* 110* 110*
CS7—-6/5—4 JCMT/ICMT <239 053 0.87 061 <0.54 - 1105 3105 210° <210¢
CS7—6/3—2 JCMT/IRAM <0.28 039 049 0.16 <0.21 <1105 1105 1105 810° <110°
CS7—6/2—1 JCMT/IRAM <022 043 068 026 <0.19 <110° 1105 110° 110° <110°
CS5—4/3-2 JCMT/IRAM 0.12 072 074 029 041 <510* 8105 8105 210° 510°
CS5—4/2—>1 JCMT/IRAM 0.10 081 077 046 0.29 610 110° 110° 610° 310°
CS3-2/2-1 IRAM/IRAM 0.85 1.11 102 181f 0.72 210° 410° 310° >110° 210°
H,CO 717 — 616/515s — 414 JICMT/JICMT? - - <043 - - - - <1107 - -
H;CO 515 — 414/312 — 2117 JICMT/ICMT <0.83 1.8 0.83 1.07 <0.77 <210° >1107 2105 3105 <210°
H,CO 515 — 414/212 — 1;; JCMT/IRAM <0.36 079 0.52 0.201 <0.17¢ <110° 810° <110° <1105 <1108
H,CO 312 — 211/212 = 117 JCMT/IRAM 044 022t 0.63 0.19f 0.22% 110° 10%-10° 3105 10*-10510%-10°
H2CO S5 — 404/322 = 21 JICMT/ICMT(92) <13 0.65 0.55 <0.34f - 1106 1105 110° - -
HyCO 505 — 404/321 — 20 JCMT/ICMT - 056 0.60 <1.7 - - 310 310° <1106 -
H;CO 505 — 404/303 = 202 JCMT/ICMT <14 049 025 <09 <1.0 <1107 1105 310° <310% <310°
H,CO 333 — 251 /303 — 202  JCMT/JICMT(93) 026t 027 0.37 <033 027} >510° >510° >510° >510° >510°
HCO*4—-3/1—-0 JCMT/IRAM <0.50 026 - 012 025 <110° 1105 - 510 110°
HCO*4 - 3/3 -2 JCMT/CSO <2.5 085 - 053 0.80 - 1105 - 110° 1106
HCO*3 —-2/1—0 CSO/IRAM 0.18 030 - 023 032 3100 310° - 310* 310*

1 Ratio uncertain due to bad fit to one of tﬁe lines.

1 Ratio of integrated intensities uncertain because of poor quality of spectrum. Includes contributiono second velocity component.

# Ratio of measurements at Ao = 15" and Aa = 20".

indeed effectively optically thin, or moderately optically thick
at most. The observed lines of HCO™" are only included at po-
sitions away from Aa = 20", because the 3 — 2 and 4 — 3
lines are probably more optically thick at the peak position. The
HCN lines are not used since the presence of hyperfine compo-
nents in the 3 — 2 line at velocity separations of 1 — 2 kms™!
broadens the lines, effectively reducing the difference between
the two components in terms of line width and thus prohibit-
ing areliable determination of their relative contributions given
the signal to noise ratio of the data. The observed transitions
for the included species are sensitive to a wide range of exci-
tation regimes, covering densities up to a fewx 10’ cm™3 and
temperatures up to 200 K.

Since in the optically thin limit the intensity scales linearly
with the molecular column density, the intensity ratio of two
transitions of the same molecule is independent of column den-
sity and depends only on the density and temperature. In Table
3 the observed ratios are listed. The relative errors are estimated
at about 60%. At Aa = 20", the signal-to—noise is at its best,
and confusion with the second velocity component is minimal,
so that the error at this position is no larger than about 30%.
Ratios derived from transitions which were observed more than
once, either with the same telescope or with different telescopes,
agree to within this level.

It can be seen from Table 3 that for most combinations of ob-
served transitions no significant variations are found at the dif-
ferent positions across the Bar within the estimated errors. For
a number of observed ratios, substantial deviations are found,
which are marked in the table. With the exception of C'#0, these

deviations show no large, systematic behavior, and can usually
be attributed to uncertainties in the fit parameters of one of the
observed lines. The important implication of this finding is that
the physical properties of the gas traced by these species do not
change largely across the Bar.

In order to constrain the physical parameters, first a homoge-
neous model with a constant temperature and density was con-
structed. To this end, the statistical equilibrium populations of
the levels were computed for a given H; number density, kinetic
temperature, and molecular column density. Instead of a speci-
fied cloud geometry, the calculation assumes an escape proba-
bility for the photons, which depends on the ratio of the column
density of the molecule and the line width AV (1.8 kms™! in
our case) (see Jansen et al. 1994a for details). The details of the
radiative transfer are not essential since most lines considered
here will turn out to be optically thin. The intensity of any back-
ground radiation field also has to be specified. We have included
the 2.73 K cosmic background radiation, which is the most im-
portant part of the overall (galactic) background at millimeter
wavelengths. Radiative excitation by the warm dust does not af-
fect the results for the rotational transitions of the heavy rotors
considered here. Only collisions with H, were considered. Col-
lisions with electrons start to be significant for electron fractions
Te = Ne/Np, > 1073, In PDR’s, the electron density is about
equal to the abundance of C*, the major donor of electrons when
hydrogen is neutral. At the Orion Bar, the [C 11] observations of
Boreiko et al. (1988), as well as unpublished data by Keene &
van Dishoeck (1991) give N(C*) ~ 210'® cm~2, correspond-
ing to z. ~ 51073 for an H, column density of ~ 5 10?2 cm 2
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Fig. 4. Integrated intensity of H,CO 2;, — 1;; toward the Orion Bar.
Drawn contours correspond to the velocity component associated with
the Bar (integration interval 10.0 — 14.0 km s™1), dashed contours
correspond to a foreground or background cloud (integration interval
5.0 — 9.0 kms™!). Contour levels start at 10 K kms™! and increase in
steps of 5 K km s~!, in units of Ty Data have been obtained with the
NRAO 12m telescope (beam size 45”) at the positions of the dots. The
crosses indicate the five observed positions

(see Sect. 5.2). Also, Tielens & Hollenbach (1985b) estimate
that the electron density is ~ 60 cm™> from the required pho-
toelectric heating efficiency needed to produce the observed
kinetic temperature inferred from the [O 1] 63 pm observations.
This electron density may correspond to an electron abundance
ashigh as 10~#, but refers to the region were the bulk of the [C 11]
158 pm, [O1] 63 um and thermal infrared emission is coming
from. The region sampled here lies at a somewhat larger A,,
where most carbon is in the form of CO, and thus has a lower
electron density. For example, Fig. 6 of Tauber et al. (1994)
shows that at this stage the electron density is less than 10~°,
This justifies the omission of electrons as collision partners. To
study the relative excitation of the lines, model calculations were
performed using a molecular column density of 10'2 cm~2, low
enough to ensure optically thin excitation.

Figures 8 and 9 compare the observed peak line intensity
ratios for CS, C'80Q, HCO* and H,CO at all positions with the
outcome of the model calculations. In Table 3 the derived densi-
ties are listed. The kinetic temperature is constrained from two
sets of observations. First, the observed intensity of the optically
thick '2CO 3—2 line provides an estimate of the temperature
Tkin ~ 100 K across the Bar, assuming no further beam dilution.
Second, the HyCO 39 — 24 /303 — 2gp line ratio is mainly
sensitive to temperature for densities larger than ~ 5103 cm—3
(van Dishoeck et al. 1993; Mangum & Wootten 1993). The
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Fig. 5. Integrated intensity of HCO* 3 — 2 toward the Orion Bar.
Drawn contours correspond to the velocity component associated with
the Bar (integration interval 9.5 — 16.0 km s~ '), dashed contours cor-
respond to a foreground or background cloud (integration interval
3.0 — 9.5kms™"). Contour levels start at 10 K kms~! and increase in
steps of 5 K kms™!, in units of 7). Data have been obtained with the
JCMT (beam size 21") at the positions of the dots. The crosses indicate
the five observed positions

observed ratios indicate Ti;,~ 85 % 30 K, with no significant
variation across the Bar (see Fig. 9). The other observed ratios
are mainly sensitive to density, and much less to the kinetic tem-
perature. No single density is found to fit all the data. Instead,
a range of densities between ~ 10* cm™3 and ~ 107 cm™3 is
inferred, depending on the critical density of the transitions in-
volved. The CS 3 — 2/2 — 1 ratio, for example, probes lower
densities than the CS 7 — 6/5 — 4 ratio (see Fig. 8b). The
observed H,CO 77 — 616/515 — 414 ratio indicates densities of
at most 107 cm~3 at A = 15”. No significant variations larger
than a factor of 3 in density are inferred across the Bar. The only
exception is formed by the transitions of C'0, which trace a
much lower density at positions away from the emission peak
(Fig. 8a). At the peak position, these lines are thermalized, and
indicate a kinetic temperature of ~ 90 K, consistent with the
12C0O and H,CO results.

5. Inhomogeneous models

5.1. Two—component model

In Sect. 4 it was found that a single density model cannot ex-
plain the observed line ratios, but that a range of densities ap-
pears present within the beam. Whether different temperatures
are involved as well is not clear. As a first order approximation,
we have constructed a model with two density components at
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Fig. 6. Normalized intensity distribution of observed lines toward the Orion Bar. The Trapezium stars are to the right side of each plot. Horizontal
scale is A« in arcsec, vertical scale is antenna temperature normalized with respect to the peak value at Aa = 20”. The meaning of the symbols
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a constant temperature. Because of the insensitivity of most ra-
tios to temperature, the assumption of constant temperature will
have no great effect on the conclusions. In this two—component
model a certain fraction of the molecular column density is
comprised in high—density regions, while the remaining part re-
sides in low—density regions. Instead of explicitly assuming a
beam filling factor of the high density material, the fraction of
molecular column density in the clumps is varied. Although no
assumptions are made on the spatial distribution of the two com-
ponents other than that they are both present in our telescope
beam, we will use the picture of high density clumps embed-
ded in a low density interclump medium, similar to Burton et
al. (1990) and Tauber et al. (1994). The excitation of each com-
ponent has been calculated separately using the same excitation
code as described above. The temperature is taken to be 85 K
and the line width 1.8 km s~! for both density components. The
peak line intensities of the two components are subsequently
added to obtain the total emission for comparison with obser-
vations. In this procedure, it is implicitly assumed that optical
depth effects do not play any role. The models were made for the
ratios of the observed transitions of CS, C'#0, HCO* and H,CO,
for clump-— and interclump densities ranging from 10 cm™3 to
108 cm—3, and assuming 10%, 30% or 50% of the total column
density in the clumps.

To obtain a quantitative comparison between models and
observations, the following parameter has been constructed:

T T T T I T T T i l 1 T T 1 l T T T T

HoCO 7,764

[ —
—
T B e e W B RN A

-10 0 10
Velocity (km/s)

[AY]
o
[¥3]
o

Fig.7. 20 detection of H2CO 7;7 — 616 toward Aa = 15" obtained
with the JCMT. Horizontal scale is Visg in kms™', vertical scale is
antenna temperature Tg in K

1 ratio(model) — ratio(obs)\ 2
a1 1
X =M > ( A(obs) ) ’ M
where summation is over all ratios at Aa = 20" of observed
transitions, M in total, and A(obs) is the estimated absolute error
in the observed value. The best fit to the data is obtained for the
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Table 4. Best fit parameters for the Orion Bar molecular gas

clump-ny, 139100 cm™
interclump-ng, 342910 cm™3
clump volume filling factor ~ 0.3%
kinetic temperature Tkin 85+30K

set of parameters which minimizes x2. Since the model should
not deviate from the observations by more than the average error,
only models with x> < 1 are acceptable. In Fig. 10, contour
plots of x2 as functions of clump and interclump density are
presented for the three fractions of total molecular material in
the clumps. Note that since the density ranges of the clump and
the interclump gas in the model are equal, points on the diagonal
line in each diagram correspond to homogeneous models, while
points in the upper left corner of each diagram correspond to
‘swiss—cheese’ rather than ‘clump-interclump’ models.

From these plots it is seen that inhomogeneous models give
a somewhat better fit to the data, but that the difference with
homogeneous models (on the diagonal line) is not large. The x?
criterion constructed here depends on the excitation properties
of the included transitions, and since most of the observed lines
have comparable excitation properties, the x? is only moderately
sensitive to different densities. Because not many high excita-
tion lines have been taken into account, the results are biased
toward lower densities. Nevertheless, a firm conclusion is that
the interclump density cannot be larger than 10° cm~3. Further-
more, it is seen that the best fit models (with x2 < 1) are limited
to a relatively small region in parameter space: 10% of the total
material in the clumps, 3 10° <clump-ny,< 410 cm—2 and
810% <ny,< 510* cm™3 for the interclump gas. The best fit
value, indicated by the filled triangle in Fig. 10, is x? ~ 1.0 for
clump-ny,= 10 cm~3, interclump—ny,= 3 10* cm 3.

Tauber et al. (1994) and Tielens et al. (1993) derive an in-
terclump density for the Bar from the spatial separation of the
peaks of the PAH emission, the vibrational H, emission and the
12CO 1 — 0 emission. They find that an interclump density of
~ 510* cm™3 is able to provide the required attenuation of the
far—ultraviolet field on the observed scales. This value is an up-
per limit, since a small inclination of the PDR would increase the
spatial separation corresponding to the observed angular sepa-
ration. About the same value for the interclump density is found
from the derived H, column density (from 3CO 1 — 0) and
the inferred length of the line—of—sight (0.12 pc), needed to ac-
count for the observed infrared flux of dust of ~ 75 K (Werner
et al. 1976). Both values are in excellent agreement with our
findings.

In summary our observations are best described by a clump—
interclump model with a clump volume filling factor of 0.3%,
a clump density of (0.3 — 4.0) 10® cm—3, an interclump density
of (0.8 —5.0) 10* cm~3 and a kinetic temperature for both com-
ponents of 85 + 30 K (see Table 4). No significant variation in
these parameters is found across the Bar. The large uncertainty
introduced by the quality of the data, the presence of the second
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Fig. 8a. Peak line intensity ratios of HCO* and C'30 as functions of
H, number density and kinetic temperature in a homogeneous den-
sity model. Dashed regions indicate observed values at Ao = 20” or
average observed values across the Bar
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Fig. 8b. Peak line intensity ratios of CS as functions of H, number den-
sity and kinetic temperature in a homogeneous density model. Dashed
regions indicate observed values at Ao = 20” or average observed
values across the Bar

velocity component and the sensitivity to e.g. small pointing
errors does not permit any refinement of this two component
model.
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Fig. 10. x’ of observed and modelled intensity ratios, as defined in the
text, for 10%, 30% and 50% of total molecular material in the clumps.
The diagonal lines correspond to homogeneous density models, the
upper left corners to ‘swiss-cheese’ models. The clump and interclump
density are constrained to (0.3 — 4.0) 10° and (0.8 — 5.0) 10* cm™3,
respectively, with best fit value x* ~ 1 for clump-nu,= 1.0 10° and
interclump-ny,= 3.0 10* cm ™ (indicated by filled triangle). A kinetic
temperature of 85 K has been assumed for both components

5.2. Determination of molecular column densities

The same two—component model described above has been
used to constrain the molecular column densities of the various
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Fig.9. Peak line intensity ratios of
H>CO as functions of H, number
density and kinetic temperature in a
homogeneous  density  model.
Dashed regions indicate observed
values at Aa = 20" for ortho-
and para—H,CO line ratios. The ob-
served 717 — 616/515 — 414 ratio
should be regarded as an upper limit

species. Whereas the density and the temperature have been de-
rived from line intensity ratios, the molecular column densities
are determined from the absolute intensities. Since the adopted
code provides also estimates of the opacity, the approximation
that the lines are optically thin could be checked, and proved
valid at positions away from the emission peak (Aa # 20).
Since no significant variations in density or temperature were
found across the Bar (see Sect. 5.1), the observed emission peak
must correspond to a peak in molecular column density. At the
peak position, it was found that the interclump gas has optical
depths of order unity or larger for some species (see Sects. 3 and
4). Because of the low density of the interclump gas however,
most levels involved are subthermally populated. Absorption of
a photon therefore leads to radiative rather than collisional de—
excitation, returning the photon to the radiation field, so that the
line emission is moderately attenuated at most. This validates
the assumption of optically thin excitation in the determination
of the physical parameters (Sect. 5.1).

In the determination of the molecular column densities a first
order correction was made for the opacity of the interclump gas
by attenuating the emission of the clumps by the corresponding
column of interclump gas. The resulting antenna temperatures
at Aa = 20" are presented in Table 5 and are compared with
observations. Note that this is the first time that the assumption
that the high and low density phases are spatially coexistent is
used. For '2CO a kinetic temperature of 120 K was used to fit the
observed value of the 3 — 2 line. Except for HCN 4 — 3, the
model intensities are similar to the observed intensities to within
30% (the expected error level). In particular, the observed lines
of C3*S and H'*CO* are consistent with model predictions for
abundance ratios of 1/22 and 1/67 respectively. The molecular
abundances in the clumps are not necessarily the same as in the
interclump gas. In particular, the abundance of the ion HCO™ is
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Table 5. Contributions to the line emission from the high and low density phases at Ac = 20" ?

Tk (K)
Molecule Transition ~ Npol Tr (K)
em™2 interclump  clump total* observed
Cs 2—1 1.510% 154 11.0 18.0* 17.9
32 13.3 17.4 21.3* 19.1°
554 5.8 15.4 17.6* 14.0
76 1.5 7.5 9.0 9.4
10—9 0.1 0.9 1.0
c*s 54 6.810" 0.3 1.1 1.4 1.2
HCN 1—-0 3.010" 7.2 8.9 10.7* 112
352 2.4 7.5 9.2* 12.1°
43 1.0 42 5.1* 11.9°
HCo* 1—0 2.010" 210 5.1 22.0* 27.5
352 10.1 18.3 22.3* 16.5°
43 5.7 152 18.3* 19.7°
H*Co* 352 3.010" 0.3 0.4 0.7 0.7
ortho-H,CO 255 — 15, 3.010™ 6.8 26 7.5* 7.1
312 — 211 2.5 39 5.5* 4.4
515 — di4 1.1 32 43 3.7
717 — 616 0.2 0.9 1.1 1.5
533 — 43, 02 0.6 0.8
para-H,CO 3¢5 — 202 1.010" 1.6 2.0 3.0* 3.2
32 — 291 0.7 0.6 1.3* 1.2
505 — doa 0.2 0.9 1.1* 0.9
7()7 — 6()6 0.0 0.2 02
504 — 43 0.1 0.6 0.7
HNC 1—0 6.010" 2.7 24 4.2* 5.5
43 0.2 0.9 1.1 1.1
c'®*o 21 1.310% 7.7 0.5 8.2 8.5
32 13.1 1.0 14.0 15.3
Bcoc¢ 1—-0 9.810'°  14.0 L1 15.1
21 40.9 3.8 447
32 54.6 7.4 56.2*
43 52.6 10.6 54.7*
6—5 36.6 13.6 41.4*
756 242 12.9 31.6*
2co¢ 150 6.510"% 114.1 49.0 114.1*
251 112.0 99.2 112.0*
352 109.4 109.4 107.8* 109.4
43 106.6 108.3 108.3*
6—5 100.2 103.1 103.1*
76 96.7 100.3 100.3* 90.0¢
14 — 13 16.2 8.1 24.3 14.0¢

* Marked values include a correction for the opacity of the interclump gas.
* Clump-ng, =1 106 cm™3, interclump-ng, = 3 10* cm™3, 10% of total material in the clumps.
® Peak temperature derived from integrated antenna temperature assuming AV = 1.8 kms™'.

¢ Using Tiin=120 K for '2CO and "*CO.
4 From Stacey et al. (1993).

expected to be decreased in the clumps. In general, all derived be lower by a factor of 3. Predictions for the strengths of higher

column densities are sensitive to the density in the interclump

excitation lines like CS 10 — 9, and for transitions of '3CO,

gas: if this were as high as 10° cm ™3, all column densities would  using Ti, = 120 K, can be found in Table 5 and Fig. 11.
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It was noted in Sect. 4 that the C'80 line ratio shows a signif-
icant and systematic variation across the Bar, tracing lower den-
sities away from the emission peak. It is known that the Orion
Bar lies in front of the cold Orion Molecular Cloud (OMC-
1). Dutrey et al. (1993) present C'0 1 — 0 and 2 — 1 ob-
servations of the region, and derive a C'30 column density of
~ 110" cm™2, an H, number density of ~ 510% cm~3 and a
kinetic temperature of ~ 18 K, with most gas emitting at veloc-
ities around 10 kms~!. This gas has a spatial distribution much
larger than that of the Orion Bar. Because of the much lower
spatial resolution of their observations (2!5), the Bar itself is
barely visible in their maps. The contribution of the OMC-1 to
the observed C!80 intensities away from the emission peak is
50-70% for C'®0 2 — 1 and 15-25% for C'80 3 — 2, and itis
less than 10% for both lines at the emission peak. The relatively
large contribution of the OMC-1 to the total observed inten-
sity of the 2 — 1 line at Aa # 20" can explain the variation
in line ratio across the Bar, and hence the variation in inferred
density. Because of the low density and temperature, the only
contribution of the OMC-1 to our observed lines is expected in

. C'0. For example, no detection of H,CO 21, — 1;; was made

at Aa > 80" at a noise level of 0.15 K in observations made
with the NRAO 12m. From the background OMC no more than
Tr =~ 0.1 K is expected for this line, assuming an H,CO col-
umn density of ~ 4 10'2 cm~?, i.e. the same H,CO/C'#0 ratio
as in the Bar, and the same physical parameters as for C'80.
This gas is therefore distinct from the second velocity compo-
nent found in our data at Vigr ~ 9 kms™', which is seen in
H,CO. It is concluded that the background OMC can explain

the inferred density variation across the Bar as traced in C!80,
but that the inferred column density is only marginally affected
for 2 — 1 and not significantly for 3 — 2. It is also concluded
that the known presence of the OMC-1 behind the Orion Bar
PDR makes any model based on CO which does not include the
OMC-1 incomplete.

The C'®0 column densities of the Bar have been used to de-
rive Hy column densities using an H,/C!80 ratio of 10* x 500 =
510° (i.e. Hy/'>CO x '2CO/C'80). This H,/C'80 ratio is some-
what larger than the value of 3 10? found by Lacy et al. (1994)
in the neighboring NGC 2024 region, but reflects the fact that
not all carbon is in CO in this PDR. Also, C'#0 may be still
selectively photodissociated in this regime of column densities
(van Dishoeck & Black 1988). The inferred H, column densi-
ties are subsequently used to determine the fractional molecu-
lar abundances (see Paper II) and to estimate the length of the
line—of-sight through the Orion Bar, since the H, densities are
known. Both the H; column densities and the corresponding
lengths are listed in Table 6.

5.3. Alternative clump models

In the previous section we have seen that the intensities of the
observed transitions are best fit by a model where the material is
distributed inhomogeneously. We have performed a very crude
modeling of the radiative transport in such a clumpy medium,
which only gives accurate results in the optically thin limit. In
this section we will investigate other methods that have been
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Table 6. H, column density and length of line—of-sight

Aa NHZH fh
" cm™2 cm pc
-20 6.510% 2.210" 7.21072
0 6.510% 2.210Y 57.21072
20 6.510% 2.210" 7151072
40 2.010% 6.510" 21.11072
60 4.610% 1.610" 5.11072

* Derived from C'*0 3 — 2 assuming H»/C'30= 510°.
® Length of line—of-sight estimated by dividing H,
column density by volume density of interclump gas.

used in the literature to analyze and model the emission from a
clumpy medium, especially that of CO.

5.3.1. Radiative transport in a clumpy medium

Martin et al. (1984) present a simple model for the emission
from an isothermal cloud composed of randomly moving frag-
ments (clumps) which are in local thermodynamic equilibrium
(LTE). Genzel et al. (1990) have extended their model to in-
clude non-LTE excitation. The main result of these models is
that the observed profiles seem less saturated than those accord-
ing to models of microturbulent clouds with the same column
density. This can be explained by the fact that clumpy clouds
can ‘hide’ material in optically thick clumps at velocities away
from the line center. In the limit that both the clumps and the
cloud as a whole are optically thin, the results of this modeling
are equivalent to the results of a microturbulent model. This is
an obvious result: the distribution of matter is of no importance
to a photon which can escape the cloud unhampered. Since this
is the case for most lines in the Orion Bar, we conclude that our
rough treatment of the radiative transport in this clumpy cloud
is sufficient.

5.3.2. Implications for clumpiness from the observed line
profiles

In the above analysis no assumptions were made for the dis-
tribution of the two density components, other than that they
are both present in the beam. Only to explain certain profiles
both components need to be spatially coexistent. In an attempt
to obtain information about the actual distribution, Tauber et
al. (1991) investigated the autocorrelation function of 2CO and
3CO 1 — 0 line profiles obtained toward four positions in
Orion A. The smoothness of the profiles, which are assumed to
consist of the superposition of many narrow profiles of individ-
ual clumps, is determined by the presence or absence of a clump
at a certain velocity following a Poisson distribution. Since for
the Orion Bar even the highest excitation lines are influenced
by the emission from the interclump gas, no conclusions can
be drawn from their profiles on the distribution of the clumps.
The autocorrelation functions of >CO 3 — 2 at Aa = —20"
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Fig. 12. Autocorrelation functions of the observed spectra of '2CO
3 — 2at Aa = —20" (top) and CS 2 — 1 at Aa = +20” (bot-
tom). The horizontal scale is inverse frequency in MHz ™!, the vertical
scale is intensity squared, in arbitrary units. The bump in the *CO
autocorrelation function at ~ 0.23 MHz ™! (~ 3.8 kms™'), and the
tail of excess power (as compared to a Gaussian distribution) in the CS
autocorrelation function, are indicative of the presence of two velocity
components in the spectra

and CS 2 — 1 at Aa = 20" are shown in Fig. 12. The asym-
metry of the line profiles is reflected in the presence of excess
power with respect to a Gaussian distribution in their autocor-
relation functions. Most notably, the autocorrelation function
of 12CO 3 — 2 shows a clear bump at an inverse frequency of
0.23 MHz ™!, corresponding to the a velocity correlation length
of 3.8 kms™! and related to the strong presence of the second
velocity component at this position. The noise level does not
permit the identification of any other velocity structure. Obser-
vations of the 12CO 3 — 2 line made with 30" (CSO) and 20"
(JCMT) beam sizes respectively show markedly distinct line
profiles, indicating the presence of structure in the interclump
gas on these scales.

6. A physical model for the Orion Bar

In the previous section we have seen that the gas traced by the
observed molecular transitions shows no variation in temper-
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Fig. 13. Schematic view of the proposed geometric model for the Orion
Bar. The emission peak is caused by the increased length of the line—
of-sight as the PDR changes from a face—on to an edge—on orientation

ature or density across the Bar. The only exception is C'#0,
for which the variation can be attributed to the presence of the
low density, cold Orion Molecular Cloud. We have derived a
model where the gas is distributed in dense clumps dispersed in
alower density interclump medium with low volume filling fac-
tor. Within this model, the observed emission peak corresponds
to a peak in molecular column density. All molecules show the
same spatial distribution and no variations in molecular abun-
dances are found (Paper II). The only explanation for such a
behavior is a geometric one.

6.1. A purely geometrical model

If the variation in H, column density derived from the C'80
observations is interpreted as a variation in the length of the line—
of-sight through the gas, the following geometric model can be
constructed. At the extreme positions (Aa = —20” and 60"),
the PDR is viewed face—on. From Aa = —20" to Aa = 60",
the PDR changes from a face—on to an edge—on geometry, and
back to a face—on geometry. A schematic view of this model
is presented in Fig. 13. The sharp peak in the line—of-sight
by a factor of 10 corresponds to the PDR having an edge—on
geometry over a length of 10 times its typical thickness. The
thickness of the PDR is found from the C'30 column density at
Aa = —20",60" to be 0.08 to 0.05 pc (see Table 6).

This purely geometrical model can explain all our observa-
tions very well, as argued above. The remaining question is how
this geometry could have originated. One possibility is that we
are just looking at the irregular structure of the original cloud
complex. Another possibility could be the following. Itis known
that the Trapezium stars lie to the front of the OMC from which
they were formed. Their expanding HII region has created a
cavity in the cloud, which bursts out of the cloud on the front
side. This is the blister or champagne model (Icke et al. 1980;
Tenorio—Tagle 1979). The interface of the cavity and the low
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density OMC has been compressed by the expansion to a den-
sity of ~ 3 10* cm ™3, with small clumps of ~ 1 10° cm™—3 with
a low volume filling factor. The ultraviolet radiation longward
of the Lyman-limit has created a PDR in this clumpy interface
layer. If this bowl—shaped cavity were slightly inclined with re-
spect to the plane of the sky, the Orion Bar would be the place
where our line—of—sight is along one side of this bowl. Because
of the relatively large density of the interclump gas and the low
filling factor of the clumps, the thickness of the PDR is de-
termined by the interclump gas, and hence it shows the clear,
layered structure as seen by Tielens et al. (1993) on scales of
15”. The extension of the PDR for Aa > 40 could be par-
tially due to the presence of 2A Ori, which apparently affects
the chemistry and ionization but not the structure of the cloud.

This model also accounts for the observations of other
groups. In particular, it fits very well with the distribution of
[C1] 609 pum as reported by Tauber et al. (1994). They find that
the distribution of the [C 1] line is symmetric around the peak of
the molecular emission. This cannot be explained by the model
they propose, which is simply a large clump illuminated from
one side by the Trapezium stars. In that case, the [C1] has to
peak slightly in front of the CO. In our model, a complete PDR
is seen at every position, but with a varying length of the line—
of—sight through it. This naturally explains the observed [C1]
distribution.

Our model also agrees with the [C11] 158 pm map of the
Orion region from Stacey et al. (1993). There the [C11] is seen
to peak not only at the ionization front, but also to be distributed
symmetrically around it. Although the spatial resolution is not
very high, [C1I] emission is clearly present ‘behind’ the Bar
(with respect to the Trapezium stars). Such extended [C 11] emis-
sion has often (and rightly) been seen as evidence of the clumpi-
ness of a cloud. Although the Orion Bar is clumpy, the structure
of its PDR is governed by the rather dense, homogeneous inter-
clump gas, and the extended distribution of [C 11] has a different,
geometric origin.

The observationsof Hyv =1 — 0S(1)andv =2 — 1 S(1)
by Hayashi et al. (1985) do not agree with our model. The value
for their ratio at Aa = 20" of about 3 is lower than the prediction
of our model (~ 10 for densities of ~ 10° cm™3, assuming
that the H, emission is dominated by the clumps, Sternberg &
Dalgarno 1989). Hayashi et al. also find a variation in the line
ratio across the Bar, in contradiction with our model. Recent
measurements of these transitions with better instrumentation
show no variation, however, and give a ratio of about 10, fully
consistent with our model (Oliva, private communication). From
the quality of the spectra shown by Hayashi et al. it is doubtful
whether their conclusions are justified. As a result, there is also
no evidence any longer for a significant shock at the Orion Bar,
consistent with the small line widths observed in this work and
the lack of variations in molecular abundances.

The pure rotational H; lines observed by Parmar et al. (1991)
give results in accord with our model. They have sampled the
Bar at much smaller spatial scales, about 1" steps, and can thus
distinguish the variations within the part of the PDR seen edge—
on. Their inferred column density of H, of 1.610%' cm~2 is
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much lower than our peak value of 5.0 10?2 cm~2. However,
they only sample a thin layer of hot molecular gas (> 400 K),
while our column density is derived from the C'*0 column
density of the warm gas (~ 85 K).

The '2CO column density inferred by Graf et al. (1990) of ~
310" cm~2 for gas at temperatures of 70 K or more is very close
to our column density of ~ 6 10'® cm™2. Their observations
refer to Aa = 0" however, while our value refers to Aa = 20”.
The similarity of the two results can be explained by the shape of
their beam, which has a FWHM of 8” with considerable power
in a pedestal of 40” FWHM. This means that they were also
sensitive to the peak at Aa = 15”. Their conclusion that current
PDR models are unable to explain such large columns of warm
molecular gas does not hold for the specific case of the Orion
Bar, however. Most PDR models to date assume that the line—of—
sight is coincident with the line traversed by the far—ultraviolet
photons. In the Orion Bar, the line—of-sight is perpendicular
to the path of the far-ultraviolet photons, so that much larger
columns of warm gas can be found. From the modeling of the
CO-chemistry and the radiative transfer in PDR’s Kdster et al.
(1994) reach the similar conclusion that the observed mid-J
12CO and *CO line intensities cannot be explained by a single
PDR layer seen face—on.

6.2. A less geometric interpretation

An alternative explanation for the observed peak in derived col-
umn density at the Orion Bar involves an enhancement of the
clump filling factor. Such an explanation has recently been put
forward by Wang et al. (1993) for M17 SW, which they studied
in various transitions of CS and C34S. This source is also a PDR
viewed edge—on. A peak in molecular emission is found to lie
outside the ionization front just as in the case of the Orion Bar.
From the excitation analysis they find that the molecular gas
has the same density everywhere, and that the peak in emission
corresponds to a peak in column density. They also find that
the gas is not distributed homogeneously, but is comprised in
clumps much smaller than the telescope beam. Thus far, this
source looks similar to the Orion Bar, although the distance to
itis much larger (~ 2 kpc instead of 450 pc). However, Wang et
al. attribute the increase in column density to an enhancement
in volume filling factor of the clumps, and not to an increase
in the length of the line—of—sight. They reject the latter because
there are more of these ridges found in other regions the sky,
which are not parallel to any ionization front.

If the [C11] 158 pm observations of M17 SW (Stutzki et
al. 1988) are compared to the [C11] observations of the Orion
Bar, it is seen that their distribution is different. Toward M17 SW
the [C II] emission is strongly peaked just outside the molecular
peak, with an extended tail of moderate intensity emission into
the surrounding cloud. Toward the Orion Bar, the [C1I] emis-
sion is symmetric around the molecular peak and has a broad
distribution. The extent of the emission in M17 SW is attributed
to ultraviolet radiation which can penetrate to great depth into
the clumpy cloud. The extent is in fact so large that internal
ultraviolet sources or an enhanced, external, interstellar ultravi-
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Fig. 14. Schematic picture of the Parmar et al. (1991) model for the
Orion Bar. See text

olet field is necessary to account for it. This makes it impossible
to explain the observed emission distribution toward M17 SW
as a pure geometrical effect only (Stutzki et al. 1988).

On the other hand, the emission ridge/peak in M 17 can still
be explained by such a pure geometrical effect, especially con-
sidering the fact that molecular emission is detected at positions
which lie in projection between the ionizing stars and the ioniza-
tion front. The H 11 region in M17 could have created a cavity in
the clumpy, surrounding cloud just as in our model for the Orion
Bar. In fact, a less pronounced emission ridge is visible to the
northeast as well. These ridges could be the edges of the cavity.
Some ultraviolet radiation could penetrate to great depth into the
cloud, accounting (partially) for the extended [C 1] emission.
Note, however, that the observed width of the emission ridge in
M17 (30”) corresponds to 2’ at the distance of Orion A, i.e. of
the same order as the Orion Ridge. This implies that the ridge
in M17 SW is perhaps best compared to the Orion Ridge rather
than to the Orion Bar. There is indeed no ionization front ly-
ing parallel to the Orion Ridge, but number and column density
enhancements are found (e.g. Dutrey et al. 1993).

Inversely, we may ask whether the emission peak of the
Orion Bar can be explained by an enhancement of clump filling
factor instead of a geometrical effect. Any observed enhance-
ment in column density derived from one or more transitions
which trace the clumps can be attributed either to an increase
in the length of the line—of-sight through the medium (geomet-
rical interpretation) or to an increase in the number of clumps
in a certain volume. Without any observations which trace the
interclump gas, if there is any, no distinction between these two
explanations can be made.

Most of the transitions observed here trace the interclump
gas. Since these transitions show an emission peak, this lower
density gas must have a column density peak at the Bar. Assum-
ing that this gas is real interclump gas and is thus distributed
homogeneously, the column density peak must correspond to a
peak in the length of the line—of-sight. On the other hand, if our
‘interclump’ gas is interpreted as the mantles of larger clumps,
and our ‘clumps’ as the dense cores of these large clumps, the
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emission peak could just as well correspond to a peak in the
number of clumps per volume as to a peak in the line—of—sight
length. There is no place for any interclump gas in this picture
since this had to be visible in the transitions of low critical den-
sity. The 2 — 1 transition of C'80 does trace low density gas,
but this is necessarily very cold (~ 20 K) for otherwise it had to
be visible in the 3 — 2 transition as well. Such a low tempera-
ture is unlikely for gas exposed to intense ultraviolet radiation,
and the low density gas traced by C'80 2 — 1 most likely orig-
inates from the background OMC, which is shielded from the
ultraviolet field of the Trapezium stars.

It is difficult, but not impossible, in the enhanced clump
filling factor picture to explain the layered structure as shown
by Tielens et al. (1993). One possible scenario is sketched by
Parmar et al. (1991) (see Fig. 14). They propose that at the side
of the cloud exposed to the ultraviolet radiation, the mantles
are ‘evaporated’ leaving only the denser parts, and thus higher
temperatures, giving rise to the H, emission. Deeper into the
cloud, the mantles survive, and the temperature drops. As the
mantles grow, shielding increases, and the inner parts of the
cloud are only visible in molecular emission. This is in conflict
with the extended distribution of [C 11] emission, which requires
less complete shielding. Also, different intensity distributions
between high excitation and low excitation tracers should be
visible. Such a difference is not found.

We conclude that a model which explains the observed emis-
sion peak at the Orion Bar by increasing the number density of
clumps alone cannot account for the observed phenomena. In
addition, no physical model has yet been brought forward for
explaining the origin and stability of such regions of increased
clump volume filling factor, although they may be observed
elsewhere (Wang et al. 1993). Our model for the Orion Bar,
which attributes the observed column density peak to a pure
geometrical effect, as described in the previous section, has a
natural explanation for its origin.

7. Summary

Observations of 53 transitions of 18 molecules, and isotopic va-
rieties, at five positions on a strip crossing the Orion Bar PDR
have lead to the following conclusions. The observed transitions
show an emission peak of FWHM ~ 30" at a position ~ 30"
(0.06 pc) outside the ionization front. On either side, the emis-
sion falls off to 10-20% of the peak value. All transitions show
similar intensity distributions across the Bar.

An excitation analysis of the observed lines of CS, CI8Q,
H,CO and HCO* has shown that no significant variations in
H, number density or kinetic temperature exist across the Bar,
within the uncertainties introduced by the signal-to—noise of the
data, the presence of the second velocity component, and e.g.
pointing errors. A limited contribution of the low temperature
and density gas of the background Orion Molecular Cloud to the
low excitation lines of C'80 has been found. No single density
model can describe the data satisfactory, and an inhomogeneous
density distribution is constructed. A two component clump—
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interclump model is found to fit the data, using a kinetic tem-
perature of 85 K. The best fit values of this model are: clump—
nu,~ 13910% cm=3, interclump-ny,~ 3 *2910* cm™3 with
~10% of the total amount of molecular material comprised in
the clumps.

Since no variations in density or temperature are found
across the Bar, the observed emission peak corresponds to a
molecular column density peak. A geometric interpretation for
this column density peak is presented. Along the observed strip,
the PDR is changing from a face—on to an edge—on orientation,
and back. The emission peak is the location where the PDR
is viewed edge—on over a length of about ten times its typical
thickness (Fig. 13). This particular geometry can be interpreted
within the champagne or blister model for the Orion H1I region
as the wall of the cavity blown out by the Trapezium stars.

Other observations (e.g. Tielens et al. 1993; Stacey et
al. 1993; Parmar et al. 1991; Graf et al. 1990) are found to agree
well with the presented model (see Sect. 6.1). Since our observa-
tions were obtained with relatively large beam sizes (15" —30"),
only global properties of the PDR can be compared. Interfero-
metric observations (e.g. Tauber et al. 1994) show the irregu-
lar, clumpy morphology that the Orion Bar exhibits on smaller
scales. On larger scales, this irregularity is smoothed out. Obser-
vations with a spatial resolution of a few arcseconds are needed
to probe the variations within the part of the PDR-layer seen
edge—on.

The geometrical interpretation for the enhanced emission at
the Orion Bar presented in this paper raises the question how
common such geometrical effects are. On statistical grounds,
geometry is unlikely to be the sole explanation for the widely
observed [C1] 609 um and [C11] 158 pm emission in other
clouds. However, given the limited dynamic range of most maps,
small geometrical effects may play a larger role than thought
before. Such models will be particularly powerful for explain-
ing the large columns of warm CO that have been observed
in various clouds. PDR models in which the line—of-sight is
not coincident with the path of the far—ultraviolet photons are
currently being constructed (Spaans 1994). Specific results for
the chemical modeling of the Orion Bar will be presented in a
subsequent paper (Jansen et al. 1994b).
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