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ABSTRACT

Aims. The very high main beam efficiency (90%) of the telescope on the sub-millimetre wave satellite Odin, in combination with
the small calibration errors in the absence of atmospheric attenuation, assures that observed line brightness temperatures are very
accurately determined. Based on this, we attempt to determine the column density distribution of H,, and the ortho-water abundance,
in the Orion KL region.

Methods. We have, for the first time, mapped the '2CO J = 54 emission in a 7" X 7’ region covering Orion KL, observed simultane-
ously with a 3CO J = 5—4 map. Also presented are C'*0 J = 5—4 emission data at four different positions and a C'’O J = 5—4 emis-
sion spectrum detected towards the Orion KL position. The Odin mapping was performed at 1’ spacing (beam full width at half
maximum 126" at 557 GHz).

Results. The CO J = 5—4 narrow line emission from this region mainly arises in the warm, dense gas at the interface (the photon-
dominated region) between the M 42 H 1 region and the Orion A molecular cloud, the Orion PDR. The '2CO and 3CO J = 5-4 emis-
sion maps have been used to determine the column density distribution of H, gas across the Orion KL region. The results have been
verified by comparing to column densities obtained using the decidedly optically thin C'30O emission as input to the RADEX radiative
transfer code. We find H, column densities ranging from 5x 10*' cm™ at map edges to 7x 10?2 cm™2 at the molecular ridge. The mass
of the gas in the mapped region is estimated to be 480 M, of which 320 M, is situated towards the molecular ridge. We estimate that
about half of this mass belongs to the warm Orion PDR interface layer. Finally, based on data from the positions where C'80 J = 5-4
has been observed, we estimate the ortho-water abundance in the Orion PDR layer to be >8 x 107%, higher than previously estimated.

Key words. ISM: individual objects: Orion KL — ISM: molecules — radio lines: ISM, HII regions — submillimeter

1. Introduction

Situated at a distance of only 500 pc, the Orion KL region is one
of the prime targets for studying massive star formation and its
interaction with the environment. Extensive observational inves-
tigations in the mm and sub-mm range (see Genzel & Stutzki
1989, for a review) have revealed that the morphology of the
molecular gas is largely dominated by the M 42 H1I region, sit-
uated in front of the Orion A molecular cloud, and the high ve-
locity outflows of the mid-infrared (IR) Orion KL nebula.

The pioneering work by Schmid-Burgk et al. (1989) and
Graf et al. (1990) showed that the mid-J (6-5, 7-6) CO and
3CO emission from the Orion KL region mainly originates
in warm (~100 K), dense (~10° cm™) and quiescent (Av ~
5 kms™') gas. The observed high temperatures, combined with
relatively low velocities, excluded scenarios where shocks or
collisions are responsible for the heating of the gas, leaving the

* Odin is a Swedish-led satellite project funded jointly by the
Swedish National Space Board (SNSB), the Canadian Space Agency
(CSA), the National Technology Agency of Finland (Tekes), and the
Centre National d’Etudes Spatiales (CNES, France). The Swedish
Space Corporation (SSC) was the industrial prime contractor and is also
responsible for the satellite operation.
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non-ionising ultraviolet (UV) radiation from the Trapezium OB
stars as the most plausible explanation.

The UV field of the Trapezium stars has ionised the sur-
rounding gas, creating the M 42 HII region. At all the inter-
faces between ionised and molecular gas the temperature and
chemistry are dominated by the non-ionising UV photons in a
photon-dominated region (PDR), but the main gas component
is molecular hydrogen and the density is high enough for sim-
ple molecules and radicals to be present in detectable columns.
The M 42 H1I region is about 5" in diameter (Zuckerman 1973;
Yusef-Zadeh 1990), so a large part of the molecular gas in the
Orion KL region has a layer of warm PDR gas facing us. We
will refer to this interface as the Orion PDR, and it is only in the
direction of this region where the SWAS and Odin satellites have
observed uniquely strong and extended narrow-line ortho-H,O
(110—101) emission (Snell et al. 2000; Olofsson et al. 2003;
Melnick & Bergin 2005). Since water plays an important role
both as an oxygen reservoir and as a coolant in molecular clouds,
it is very interesting, if possible, to measure its abundance across
this region. This may be achieved using the ortho-H,O water
maps mentioned above, if the H, column density of the same
gas can be determined as accurately as possible.

The general structure of the Orion PDR gas has been mapped
in the high-density tracer CN (Rodriguez-Franco et al. 1998;
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Rodriguez-Franco et al. 2001), outlining the S-N oriented molec-
ular ridge, the Orion Bar, the Northern bars, as well as gas at the
far side of the H 11 region. Together, these gas condensations con-
stitute the boundaries of the M 42 H1I region. The original no-
tion that the mid-J CO narrow-line emission arises in the Orion
PDR has been further supported by its similarity in both intensity
distribution and line profiles to forbidden [C1I] and [OT] fine-
structure lines (Stacey et al. 1993; Herrmann et al. 1997).

Towards the KL position CO emission is detected over a
much wider velocity range (first noted over >150 kms™' in
CO J = 1-0 by Zuckerman et al. 1976). The VLBI proper mo-
tion observations of HO masers by Genzel et al. (1981) showed
that the high-velocity gas emission originates in two separate,
almost perpendicular flows. The same outflow morphology was
also found for the CO gas in interferometer maps by Masson
et al. (1987) and for SiO (Wright et al. 1995; Plambeck et al.
2003). The high-velocity flow emission has a full width at zero
power (FWZP) of up to 200 kms~! and is bipolar in nature, ex-
tending in the SE-NW direction over a >30 X 20" area (Masson
et al. 1987). The low-velocity flow emission has been suggested
to originate in an expanding disk-like structure, elongated in
the SW-NE direction. It has a FWZP of about 35 kms~! (the
“18 kms~! flow”) and a spatial extension of >20 x 10" (Masson
et al. 1987). The shocks that inevitably are created when the high
velocity flow plunges into the surrounding medium have been
studied in emission from highly rotationally excited CO and vi-
brationally excited H, (Watson et al. 1985; Salas et al. 1999;
Gustafsson et al. 2003; Kristensen et al. 2003).

Using the sub-millimetre satellite Odin we have, for the first
time, mapped the '>CO J = 5—4 emission in the Orion KL re-
gion, simultaneously with '*CO J = 5-4. Large-scale mapping
of the Orion molecular cloud in this transition of '3CO has pre-
viously been done by SWAS (Plume et al. 2000) with approxi-
mately twice the Odin beam size. The J = 5—4 rotational tran-
sitions of CO and '*CO should trace the warm gas of the Orion
PDR since their upper state energies are 83 and 79 K, respec-
tively. The critical density of this CO transition is ~5 x 10* cm™
so this emission is easily thermalised in the dense PDR gas. The
high data quality and spectral resolution, paired with the very
high main beam efficiency of the Odin telescope (90%), and the
absence of any atmospheric absorption uncertainties, have al-
lowed us to analyse the distribution and kinematics of the gas
in the Orion KL region. Together with simultaneous ortho-H,O
maps (see e.g. Olofsson et al. 2003) these data will make it pos-
sible to determine the H,O abundance variations in the Orion
PDR. In this paper, we provide estimates of the H,O abundances
in three positions where the C180, 3CO and CO J = 5-4 lines
have been observed by Odin.

2. Observations

The CO and '*CO J = 5-4 lines were observed simultaneously
with the Odin sub-millimetre wave spectroscopy satellite over a
7’ x7" area. The data discussed here were acquired at three occa-
sions in 2004, during nine orbits each, March 15 to 16, April 13
to 14 and August 27 to 28, resulting in 1-3 min on-source in-
tegration time per position. The single side-band (SSB) system
temperature was Ty, = 3500 K.

Different spectrometers were used for the two lines. The
CO spectra were taken with the acousto-optical spectrograph
(AOS, 0.62 MHz channel spacing, ~1050 MHz bandwidth cen-
tred at 576.268 GHz) while the 3CO data were taken with
the hybrid autocorrelator spectrometer (AC, 0.50 MHz channel
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spacing, ~420 MHz bandwidth centred at 550.926 GHz), see
Olberg et al. (2003).

The sky switching mode, with reference sky beams
at 42° distance and 4.4° FWHM, was used for recording the data,
and the chopper wheel method was used for calibration (Frisk
et al. 2003; Olberg et al. 2003). The maps were acquired as an
observing grid consisting of 8 X 8 grid-points separated by 60",
i.e., about half the beam width (beam FWHM 126" at 557 GHz,
Frisk et al. 2003), in both right ascension (RA or @) and dec-
lination (Dec or 8). The (0’, 0’) map position is at the Orion
KL coordinates @ = 5"35m14336, § = —5°22/29"6 (J2000). The
telescope pointing was checked simultaneously with these ob-
servations by mapping of the Orion KL water outflow and the
pointing offset, including attitude reconstruction, was found to
be less than 15”. The calibration uncertainty was estimated us-
ing the variation of the '*CO integrated intensity of spectra from
six different mapping occasions during 2003 and 2004. It was
found to be less than 10%. All intensities in this paper are given
in units of antenna temperature, 7. The telescope main beam
efficiency, nmp = 0.9 (Frisk et al. 2003), is taken into account in
the column density estimates.

In addition we have used Odin to observe the C'80 J =
5—-4 line in four chemically interesting positions from
Ungerechts et al. (1997) [(0’, 0'), (0, —2") at the Southern dense
core and outflow, (+2’, —2") at the Orion Bar, and (+1’, +3’) at
the “radical-ion peak”, all with respect to the Orion KL position,
see Fig. 1]. The data discussed here were acquired during 29 or-
bits at the end of March 2003 (Tsys = 3600 K) resulting in 2-3 h
of integration time per position. The AOS spectrometer was used
as back-end. We also present a spectrum of C'’O J = 5—4 in the
(07, 0”) position, observed during the Orion spectral scan cam-
paign (Olofsson et al., in prep.).

3. Results

Figure 1 displays the integrated intensity distribution of the
position-averaged '*CO J = 5—4 emission. That is, in each po-
sition a number of 5 second-spectra have been averaged using
the integration time divided by TSZyS as weight. The map clearly

shows that the '*CO emission mainly originates in the dircetion
of the extended molecular ridge and is not particularly domi-
nated by outflow emission from Orion KL at (0", 0"). 13CO is
detected in all map positions. At the offset position (-3’, +4’),
where 13CO is weakest, the peak intensity is 2 K and this is well
above a 50 detection.

The antenna temperature distribution of the position-
averaged '?’CO J = 5-4 map, taken at the same occasion, is
presented in Fig. 2, showing that the '2CO line temperatures
range from 40—80 K across the molecular ridge. Since the 50
to 100 um colour temperature of the dust at the PDR of the Orion
Bar is ~70 K at 1’ resolution (Werner et al. 1976), indirect heat-
ing by non-ionising UV photons must be important in the gas
we observe (as also deduced by Graf et al. 1990). This is typi-
cally the case near the surface of a PDR where the dust is read-
ily cooled by far-infrared (FIR) continuum radiation, but the gas
mainly cools via much less efficient [C II] and [O 1] line emission
(Hollenbach & Tielens 1997). Thus, the high '>CO line tempera-
tures confirms that this emission mainly traces the warm molec-
ular gas of the Orion PDR. The origin of the '*CO J = 5—4 emis-
sion along the line-of-sight is less clear and is discussed further
in Sect. 4.3.

The maps showing all >CO and '3CO spectra are pre-
sented in Fig. 3. Overall, line peak velocities from Gaussian fits,
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Fig.1. The Odin *CO J = 5-4 integrated intensity map from
August 2004. Contours mark every 20 K kms™! from 20 K kms™!
to 160 K kms™'. Map positions (marked with “+”) are shifted by
(+20”, +13”) relative to (0", 0”) according to the attitude reconstruc-
tion. Positions where C'®0 has been observed are marked with *“x ” and
the four brightest Trapezium star positions with 8-pointed stars.
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Fig.2. The Odin CO J = 5-4 antenna peak temperature map from
August 2004. Contours mark every 10 K from 20 K to 70 K. Map posi-
tion offsets are marked with “+” and are the same as in Fig. 1.

varying from 8 to 10 kms™', agree well with the recently pub-
lished J = 9-8 data (Marrone et al. 2004). We have also con-
volved our 3CO map to a resolution corresponding to that of the
13CO J = 5-4 SWAS observations (Plume et al. 2000) and com-
pared lines in several positions. The close similarity in intensities
(better than 10%) and line profiles demonstrates consistency in
both velocity and amplitude calibration of the two telescopes.
Figure 4 compares our spectra of '2CO, *CO and C'*0 J =
5—-4 with the H,O (1;9—1¢;) spectra from Olofsson et al. (2003)

CO J = 5—-4 mapping of Orion KL 981

in the positions where C'80 has been observed (except KL). The
line-shapes are similar within each position, even though the wa-
ter lines have a somewhat more triangular form. Note also that
the signal-to-noise ratio in the water emission spectra is less than
half that of the CO spectra.

As is evident in Fig. 4, there is a systematic velocity shift
between '*CO and C'®0 emission peaks in all three positions.
Likewise, there appears to be a shift between '*CO and '>CO in
one position. We can presently not ascribe this effect to in-
strument errors, since measurements have been frequency cal-
ibrated by observing strong emission lines in the Earth’s atmo-
sphere on several occasions, giving consistent results. If indeed
real, the shifts could be due to the varying line opacities in the
CO isotopologues. However, proving such effects would require
detailed radiative transfer and source morphology modelling,
which is beyond the scope of this Paper.

At the KL position the four CO isotopologues; '2CO, 3CO,
C'30 and C!0, have been observed (Fig. 5). Here the typi-
cal outflow line profiles with extended line wings are promi-
nent in '>CO with a FWZP of 120 kms~!. If we correct for
the Odin 126" beam-size, the high-velocity outflow is present
across a 100” area around the (0’, 0’) map position, but not
with as large velocity range. This is consistent with high-velocity
CO J = 7-6 emission which is detected across a ~100” area by
Wilson et al. (2001). In 13CO, and even C'#0 and C!70, weaker
line wings are present in the KL position. As can also be seen
in Fig. 5, the >CO J = 5—4 outflow has excess emission in the
blue wing over the red wing (by 25% as measured in the velocity
range 10—40 kms~! from the line centre at 9 kms~!). The same
type of asymmetry has been reported for the J = 4-3 line by
Wilson et al. (2001) and for the J = 7-6 line by Howe et al.
(1993).

4. Analysis and discussion
4.1. Velocity structure

The extended line wings and the narrow central peak of the
12CO J = 5—4 emission line in the KL position suggest that the
following three velocity structures are present in the Odin an-
tenna beam: emission from the low- and high-velocity outflows
of KL, and the warm, dense layer of the Orion PDR. Emission
from the hot core region, at about 5 km s~!, cannot be distin-
guished in the line profiles since the emission from the cloud sur-
face is optically thick. Moreover, the size of the hot core (~10")
makes it very diluted in the large Odin beam. Assuming that to-
wards the KL position the three structures do not overlap each
other spatially, and have approximately Gaussian velocity distri-
butions, we may analyse them separately by a least-squares fit
of Gaussians to the line profiles. The '*CO J = 5-4 emission
line does not contain any emission above the noise level at ve-
locities higher than 20 km s~! from line centre, so in this case
we have to fit two Gaussians, representing the narrow emission
and the low-velocity flow respectively. Since high-velocity flow
emission is absent in this line, the risk for “contamination” in the
fitted low-velocity flow component is low. In order to avoid such
contamination as far as possible in the three component fit to the
12CO J = 5-4 emission line, we fix the velocity width of the
low-velocity component to that obtained for the *CO line and
adjust the other parameters to a best least-squares fit. The results
are presented in Fig. 6 and Table 1.

In the eastern part of the map, at RA offsets +140” to +260”,
two velocity components, at 6 and 10 kms™!, are clearly seen
in both the '3CO and '>CO emission (Fig. 3). The same two
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Fig. 3. The Odin CO (black) and '*CO (grey) J = 5—4 position-averaged emission line maps from August 2004. The velocity and intensity scales
are given, in units of km s~! and K respectively, next to the top right spectrum. To visualise the velocity structure of the spectral lines we here only
show a limited velocity range from about 0 to 20 kms™!. Map positions are shifted by (+20”, +13") relative to (0”, 0”") according to the attitude
reconstruction.
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Fig. 4. Spectra of the three most abundant isotopologues of CO J = 5—4 together with H,O (1,9—1¢; at 557 GHz, from Olofsson et al. 2003) in the
three positions; the Southern dense core (0, —2’); the Orion bar (+2’, —2’); and the Radical-ion peak (+1’, +3’).

components have also been observed with a 20" antenna beam  believe that the 6 kms~' component originates in the so-called
in ’CO J = 2-1 by Greaves & Church (1996); thus the two  Northern, or North-Eastern, bar. This is an elongated, molecular
velocity components coincide also at small spatial scales. We structure that seems to confine the H1I region of the Trapezium



E. S. Wirstrom et al.: CO J = 5-4 mapping of Orion KL

8 T T T T T —
o L CO .
©
o L .
<
o L .
N
o
l " l l
T T T T
13CO
o L -
[aV]
o
L | - -
=)
Dn O etvpmervan At iy A AL o A Prngtiase
f‘: | | | v
%) T T T
g .| ct®o |
-+
=
—
b i
° —
l
T
~-L ct
QL
o
(= e e
}
—50

Velocity [km s™!]

Fig.5. CO, 3CO, C'®*0 and C'70 J = 5-4 lines towards Orion KL.
Four SO, lines, with typical wide outflow line-shapes, are marked in
the CO spectrum. Note the different vertical scales.

cluster to the North, similar to the Orion Bar in the south, but
not as strong in emission and being more fragmented/clumpy.
The North-Eastern bar has been observed in many molecules
and the emission shows velocities 5-10 kms™! (e.g. Greaves
& Church 1996; Fuente et al. 1996; Rodriguez-Franco et al.
1998). The J = 5—4 intensities observed in Odin’s 126" an-
tenna beam at the North-Eastern bar, at offset (+260”, +133"),
are Trp(2CO) = 32 K and Tmp(13CO) = 12 K, while Greaves
& Church (1996) report a '*CO J = 2—1 main beam brightness
temperature of 31 K at their North-Eastern bar peak at offset
(+257”, +113”), in a beam size of ~20”. A large column of
colder (T' < 50 K) gas could give rise to the observed absolute
and relative brightness temperatures, but it is more likely that the
J = 2—1 emission mainly arises in cooler gas, possibly in denser
clumps, while the bulk of the J = 5—4 line is emitted from warm
(inter-clump) gas.

4.2. Temperatures

In the column density analysis below we have adopted ki-
netic temperatures of the molecular gas equal to the '>CO J =
5—-4 peak main beam brightness temperature. Theoretically this
is an adequate lower limit and in comparable positions (2’S and
the Bar) these temperatures are about 40% lower than those de-
rived from LVG analysis of several CO transitions by Marrone
et al. (2004). The large main beam efficiency of Odin guarantees
that not much of the extended emission is added to the inten-
sity through the side-lobes. This can otherwise be a problem for
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Fig. 6. The '2CO (a) and *CO (b) spectra from the KL position (in
black) with the Gaussians (in grey) that makes the best fit to the re-
specitve spectral line shape. The Gaussian parameters are presented in
Table 1.

Table 1. Gaussian parameters for the least-squares fits of the '>CO and
13CO emission at the Orion KL position. The width of the '2CO low-
velocity flow component was fixed to 20.2 kms™!, as obtained from the
13CO fit. Errors are only due to noise, no calibration errors included.

Component Isotope v Av Ampl.
[kms™]  [kms™!] K]
Narrow 2CO  9.1+0.1 57+01 51.5+02
Narrow BCO 86+03 45+01 24.0+0.2
Low-vel. flow 2co 8.7zx0.1 20.2 17.7+0.2
Low-vel. flow BCO 83+03 202+0.8 2.6+0.2
High-vel. flow 2CO  52+02 620+04 7.8+0.1

observations at these high frequencies; the beam size of a
ground-based telescope is often very small, but the main beam
efficiency then goes below 0.5 which gives rise to large error
bars.

Since the noise level is too high in our '*CO spectrum toward
Orion KL we cannot decide whether the CO J = 5—4 high veloc-
ity outflow emission is optically thick or thin. In addition, neither
of the outflows are spatially resolved in the Odin beam. Maps of
nearby CO transitions show spatial maximum half power exten-
sions of the low- and high-velocity flows <60” (J = 7—-6 Wilson
et al. 2001; J = 4-3 Schulz et al. 1995). This is consistent with
the interferometric observations of CO J = 1-0 by Masson et al.
(1987), which were insensitive to structures >30” and showed
spatial extensions of 20 x 10” and 30 x 20" for the low- and
high-velocity flow, respectively. Observations of the low- and
high-velocity outflows, as traced in H,O masers by Genzel et al.
(1981) also indicate outflow sizes within this limit. To be conser-
vative when we correct the '>CO J = 5-4 emission for the ap-
parent beam dilution, we thus assume intrinsic Gaussian source
profiles with FWHM 60 We then get brightness temperatures
of 106 + 11 K and 47 + 5 K (including 10% calibration errors)
from the Gaussian line profile fits of the low- and high-velocity
flows, respectively. We verify these outflow peak brightness tem-
peratures by noticing that their sum (~150 K) is lower than the
peak CO J = 4-3 and J = 7-6 Ty (~200 K) towards the
same position as presented by Wilson et al. (2001). The kinetic
temperatures of the two outflows have to be higher than their re-
spective peak brightness temperatures, but are otherwise hard to
estimate from our data. Instead we have adopted a kinetic tem-
perature of 150 K for the low-velocity flow, according to a lower
limit derived from HDO and water observations (Pardo et al.
2001), and 100 K for the high-velocity flow, somewhat lower
than excitation temperatures of the very wide SO, lines accord-
ing to several studies (e.g. Schilke et al. 2001; Schloerb et al.
1983).
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Table 2. Integrated intensities and isotopic ratios. Given integrated intensity uncertainties are only due to noise while a calibration error of 10% is

included in the ratio uncertainties.

Position 1(2CO) 1(PCO) 1(C'"*0) 1[(c70)  I1(*co) I(*CO) I(C'"0)
rel. to KL [Kkms™'] [Kkms™'] [Kkms™'] [Kkms'] I(®CO) I(C®0) I(C"0)
(0, 0") Narrow 311+5 1143 268+02 62+01  27+0.6 43+09 43+06
(0, 0) Low vel. flow 379 +4 56 +4 - - 6.8+ 1.5 - -
(0, 0’) High vel. flow 5137 - - - - - -
(o, =2y 446 + 1 106+1  17.8+02 - 42+0.6  6.0+0.9 -
(+2,-2) 302+ 1 B3+l 8.8+0.2 - 41+0.6 8312 -
(+1,+3')° 2311 59+1 9.3+0.2 - 39+06 63+09 -
(=3, +4) 55+ 1 4406 - - 125+2.4 - -
(+4, +2) 176 £ 1 45+1 - - 3.9+0.6 - -

@ Southern dense core position. * Orion Bar position. ¢ “Radical-ion peak” position. ¢ Position of lowest intensity. ¢ North-Eastern Bar position.

4.3. Column densities

Integrated intensity ratios in various map positions can provide
information of the optical depths of the isotopic lines. For this
purpose we have adopted constant isotopic abundance ratios of
[COJ/[H,] = 8 x 1075, [COJ/[**CO] = 60, [COJ/[C'®O] = 490
(e.g. Wilson & Matteucci 1992), which gives [3COJ/[CB0] =
8.2, and [C'30]/[C'70] = 4 (e.g. Bensch et al. 2001). Table 2
presents the resulting integrated intensity ratios in some po-
sitions and structures of interest. Judging from the observed
12CO to '3CO ratio the '>CO J = 5-4 emission is optically
thick across the mapped region (7 > 5), including the position of
weakest intensity (Table 2), while the '3CO J = 5—4 emission is
not far from being optically thin (713 < 0.6). The largest 73
is found in the (0’, 0") position where the Ij,/Ij3 ratio is as
low as 2.7 (Table 2). From the already low optical depth of
the *CO J = 5-4 emission we also conclude that the emis-
sion from the same transition in the less abundant isotopologues,
C'30 and C'70, is optically thin at all positions where it has been
observed, e.g. at (0’, 0’) where 713 ~ 0.2 (Table 2).

From its high optical depth and peak temperatures, we may
conclude that the '2CO J = 5—4 emission provides a measure of
the excitation temperature of the warm Orion PDR gas. This is
in line with the difference found between the temperature tracers
2C0O J = 1-0 and CH3C,H J = 6-5 in Orion by Bergin et al.
(1994), where even the ground state CO transition was found to
trace warm surface gas, while the temperature within the ridge
was found to be about 40 K from the optically thin CH3C,H.
The excitation temperatures from '2CO J = 5-4 can be used
in a simple LTE analysis, together with the (almost) optically
thin 13CO emission, to estimate the CO (and hence H,) column
density distribution across this region.

However, since the '3CO J = 5-4 emission is close to op-
tically thin, it should have its origin both in the warm Orion
PDR gas and in the colder molecular ridge gas behind, traced by
e.g. CH3;C,H and *CO J = 1-0. In order to estimate how large
the respective fractions are, we assume that the physical condi-
tions in the two components are the same (n(H,) = 10° cm™3,
Av = 5 kms™), except for the kinetic temperature which is ap-
proximately 40 K in the ridge and 80 K in the PDR. From the
J = 1-0 and 2-1 3CO analysis by Castets et al. (1990) we
get an estimate of the '*CO column density of the ridge compo-
nent. Castets et al. find values just below 5 x 10'® cm~ in our re-
gion of interest. From a RADEX on-line analysis (see below) we
can then directly see that this column density only can account
for no more than 40% of the observed *CO J = 5-4 emis-
sion. Furthermore, to explain the remaining 60% of the emission
we need a '3CO PDR column density of at least the same size

(i.e. 5% 10'° cm™2). The CO (and hence H,) column density dis-
tribution of warm, foreground PDR gas can thus be estimated
from the combination of '3CO emission and excitation temper-
ature from '2CO. The decidedly optically thin C'80 emission
traces approximately the same gas as '3CO.

The molecular gas distribution in the Orion region shows
signs of clumping on different scales, most studied at the PDR
of the Orion Bar. Here high density clumps of n(H;) 2 10® cm™
are embedded in a less dense inter-clump medium with n(Hy) =
10*~10° cm™ (Young Owl et al. 2000). Lis & Schilke (2003)
have shown that the mid-J CO emission from this specific region
most likely originates in the warmer and more evenly distributed
inter-clump medium. Since our 7/ X 7° maps are dominated by
the Orion PDR, we adopt an H, density of 10° cm™3for the bulk
of the CO J = 5—4 emitting gas in our analysis, corresponding
to the warm, inter-clump PDR gas. The outflow has been shown
to be somewhat denser so we assume n(H,) = 10° cm™ (e.g.
Schulz et al. 1995) for both the high and low velocity part. We
note that the J = 5—4 excitation temperatures, and hence the col-
umn densities, from radiative transport models are not very sen-
sitive to variations in the gas density if it is above 5 x 10* cm ™,
since this is approximately where the CO J = 5—4 emission be-
comes thermalised.

Observed line intensities and widths (FWHM) for the op-
tically thin lines of CB0, CY0 and, at the bar position also
13CO, have been used, together with the temperature and den-
sity assumptions previously discussed, as input to the RADEX!
radiative transfer code (Schéier et al. 2005) to estimate the
beam-averaged CO column densities. The results, shown in
Table 3, have been validated by comparing to the observed
13CO to C'®0 integrated intensity ratios in the non-outflow
cases. However, for the low-velocity outflow, the '2CO to
13CO ratio is probably misleading and does not match the col-
umn densities obtained with RADEX. The likely reason is that
the imposed Gaussian line shape will underestimate the '>CO in-
tegrated emission of the low-velocity flow, since this expanding
disk-like structure actually has a rather rectangular line shape
(Genzel et al. 1981; Wright et al. 1995; Plambeck et al. 2003),
and too much emission is attributed to the high-velocity flow.
However, this does not affect the 1*CO outflow fit.

The momentum and kinetic energy of the outflows have been
estimated from summing over 1 kms~! velocity intervals of fit-
ted Gaussian line profiles (i.e., p = Y, m,v and Eyj, = % > myv?).
This method does not take into account inclination effects (in-
trinsic velocities may be higher than the observed radial ve-
locities), which means the results can be interpreted as lower

1 http://www.strw.leidenuniv.nl/~moldata/radex.php
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Table 3. Beam-averaged column densities obtained through RADEX on-line, and ortho-water abundance estimates (see Sect. 4.4).

Position n(Hy) Ty  Isotope Av N(CO) N(CO)* x(0-H,0)
rel. to KL [em™] [K] used  [kms™!]  [10®% cm™] [10' cm™?] [1078]
(0’, 0) Narrow 10° 83 c0 5.0 54+12 4

(0’, 0) Narrow 10° 83 c®o 5.0 5.6+0.6

(0, 0") Low 10° 150 Bco 20 1.8+0.3

vel. flow 9.8 +1.4°

(0", ) High 10 100 '2CO 62 0.3+0.1

vel. flow 1.8 +0.3¢

07, =2/)° 10° 74 Cc®o 4.1 4.0+04 3 10.6/
(+2/, =2)° 10° 68 Cc®o 3.0 2.0+0.2 1.5 9.4/
(+2/, =2)° 10° 68 13Co 3.6 3.1+0.5

(+1’, +3)¢ 10° 57 Cc®o 2.4 25+03 1.7 4.0/

¢ Simple LTE model results, assuming optically thin BCO emission. ® Southern dense core position. ¢ Orion Bar position. ¢ “Radical-ion peak”
position. ¢ Assuming a source size of 60”. / Using 50% of the reference CO column (see Sect. 4.3).

limits. The LVG method was used on the '*CO (low-velocity)
and the '2CO (high-velocity) Gaussian fits (Table 1) to calculate
the column density, and implied H, mass, in each interval. The
total column density of each flow resulting from this method is
consistent with that obtained by RADEX (Table 3). The low-
velocity flow has a total momentum of 180 Mykms™!, and a
total kinetic energy of 1.9 x 10% erg, to which the blue wing
(v < 9kms™") contributes 56%. The total high-velocity flow has
P =90 Mo kms™! and Ey;, = 3.0 x 10 erg, to which the blue
wing (v < 9 kms™!) contributes 60%. The total outflow energy,
of low- and high-velocity flow combined, falls within the lim-
its calculated from '>CO and '3CO J = 2—1 and J = 1-0 by
Margulis & Lada (1985), but the total momentum is somewhat
higher (~10%) than their upper limit. The reason for the agree-
ment in one case but not the other, is that our Gaussian shapes
include low-velocity gas, while Margulis & Lada only take the
line-wings into account. This difference in method gives us al-
most an order of magnitude higher total molecular flow mass,
which, in case of the kinetic energy, becomes less important be-
cause of the v? term in the energy product. We believe that the
main reason why our new results show lower limits at least 50%
above the previous ones, is the too low excitation temperature
assumed by Margulis & Lada (1985).

Our estimated H, column density of the low-velocity flow,
1.2x 10% ¢cm™, for a 60 size source size and not averaging
over the large Odin beam, is consistent with the range derived
by Masson et al. (1987), (3—10) x 10*2 cm~2. Not many column
density estimates have been produced for the high-velocity flow
separately, but in the Orion review by Genzel & Stutzki (1989) a
value of 5 x 10%2 cm~2 was presented for H,. The column density
we have derived, assuming a Gaussian line shape, (see Table 3)
is in reasonable agreement with this.

In the Orion Bar position the column density derived
from '3CO is about 50% higher than that derived from C'80.
This discrepancy can be accounted for if the abundance ratio
at this position is ['*CO]/[C'30] = 10, only slightly higher
than 8.2 as assumed for the rest of the map. This also pro-
vides better agreement with the observed '*CO to C'®0 inten-
sity ratio. Similarly high abundance ratios [3CO)/[C'30] were
observed towards the Orion bar by White & Sandell (1995) in
the J = 2—1 transition. They explain this phenomenon in terms
of chemical fractionation on clump surfaces in the PDR.

The other beam-averaged column densities calculated using
RADEX agree well with what has previously been found from
ro-vibrational lines of CO near KL (Gonzalez-Alfonso et al.
2002), C'80 J = 2—1 from the high density cores at KL and 2’ S

(Wilson et al. 1999), a CO multi-transition study including 2’ S
(Marrone et al. 2004), and '2CO J = 6-5 observations of the
KL outflow (Koepf et al. 1982). The average column density on
large scales (~20" x 40’), from the 3CO J = 5-4 SWAS map-
ping using LVG analysis (Plume et al. 2000), is lower than our
results, but then our observations only cover the region of most
intense emission where their column density has its peak.

Also presented in Table 3 are column densities calculated
by the simplified LTE analysis described above, assuming op-
tically thin '3CO. In general we see that this method underes-
timates the column densities by 25% compared to RADEX re-
sults from C'80 input. The main source of the discrepancy is
the lack of optical depth correction, while the method is very in-
sensitive to variations of the excitation temperature in the range
50—140 K. We therefore use this method to get a rather reliable
estimate of the H, column density distribution over the whole
region (see Fig. 7). The largest H, columns are found along the
ridge and at the North-Eastern bar. The map shows only a hint
of the Southern bar while the column is clearly decreasing at
the Dark Bay area. This column density distribution is similar to
the intensity distributions of CO J = 7—6 (Schmid-Burgk et al.
1989), [C11] and [OT1] (Stacey et al. 1993; Herrmann et al. 1997),
except for the Northern bar column density enhancement which
is shifted 2’ to the north as compared to the atomic emission. Our
column density increase coincides better with one of the dense
gas Northern bars seen in CN(N = 1-0) and CN(N = 2-1)
(Rodriguez-Franco et al. 1998). The column density features dis-
cussed are even more pronounced in our first attempts to de-
convolve the maps to 40" beam size. Here we have applied a
maximum-entropy type deconvolution algorithm using the fact
that the Odin beam is an almost circular Gaussian with side-
lobes below —30 dB, paired with the strong '*CO signal (see
Hjalmarson et al. 2005).

From the column density map of Fig. 7 the total mass
of H, gas in the mapped region is estimated to be 480 M, of
which approximately 320 M, is situated in the direction of the
molecular ridge. From the previous discussion we estimate that
at least half of this mass belongs to the warm Orion PDR, while
about half belongs to the bulk of the molecular ridge. This should
be compared to the mass of very dense gas and condensations
along the ridge, approximated to 200—300 M, from observations
of CS and NH; (Batrla et al. 1983; Mundy et al. 1986; Mundy
et al. 1988).

We have also convolved the column density map to 9’ reso-
Iution and estimated the beam-averaged H, column density to
be 2 x 10?? cm™2. This estimate is useful as an independent
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Fig.7. Column density distribution of H, gas from the simple
LTE model. At least half of the column in the direction of the molecular
ridge belongs to the warm Orion PDR gas, see text. The ten contours are
logarithmically spaced from 10*'7 cm™ (white) to 10?>7 cm™2 (black).
The two positions at the NW and SW corner of the map have been
omitted.

reference for the deep O, searches with Odin at 119 GHz (cf.
Pagani et al. 2003). Combined with the upper O, column den-
sity limit reached by Pagani et al. (2003) we get the abundance
limit O,/H, < 9.5 x 1078, which is essentially the same as de-
duced by them.

In our previous analysis the kinetic temperature of the emit-
ting gas was estimated from the measured CO peak main-beam
temperature. However, the Rayleigh-Jeans approximation is not
very good at the frequencies and temperatures of interest here,
since Tg > Tgry by up to 35% (at 50 K). On the other hand, as
noted above, no more than 40% of the *CO J = 5-4 emis-
sion comes from within the molecular ridge where the kinetic
temperature is lower than in the Orion PDR, so this tempera-
ture is most likely an overestimate in turn. If the assumed Ty, is
increased by 30% the column densities modelled with RADEX
decrease by 10—25%, while a 30% lower input temperature gives
larger column densities by 30—-50% (largest effect at lowest
temperatures).

4.4. Preliminary PDR ortho-water abundance estimates

Only in the Orion KL molecular cloud the SWAS and Odin satel-
lites have observed uniquely strong and very extended narrow-
line ortho-H,O (119—1¢;) emission (Snell et al. 2000; Olofsson
et al. 2003). This emission is believed not to originate in the
relatively cold dense cloud core (where the water presumably
is mainly frozen out on grain surfaces), but instead must come
from the heated Orion PDR — the region also traced by our cur-
rent CO, and partly '*CO and C'®0, J = 5-4, data. However,
there is only indirect evidence supporting this scenario. As re-
ported by Melnick & Bergin (2005) there is a striking correla-
tion between the H,O (1;0—1¢;) integrated intensity mapped by
SWAS across Orion KL and the corresponding CN N = 1-0
integrated intensity (where CN is a PDR, surface tracer), while
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there is no correlation at all with the observed C'30 J = 1-0
integrated intensity (a volume tracer).

In order to estimate the ortho-H,O abundance relative to H,
in the Orion PDR, for the three positions in Fig. 4, we adopt the
method described by Snell et al. (2000). The method is based
on the fact that, although the emission from the water transi-
tion in question becomes optically thick already at relatively
small column densities, the high critical density (10% cm™3), to-
gether with photon trapping, makes it “effectively optically thin”
at the current densities (10° cm™). For the 1,o—1¢; transition the
ortho-H,O abundance ratio can then be expressed as

fTR dv

x(0-H0)=6.0%x108 ———M
(0-H0) C(T) N(Hy)

exp (26.8/Tx) (1)

where the collision coefficient (in cm? s™!) depends on the ki-
netic temperature (7x) in K, the integrated intensity is given
in K kms™!, the column density in cm~2, and the density in
cm™. As input we have first used the Odin H,O data from
Olofsson et al. (2003), presented in Fig. 4. The kinetic temper-
ature, density and column density of the gas were then taken
from our C'®0 J = 5-4 analysis (see Table 3), but only us-
ing half of the resulting H, column density according to the
PDR gas contribution estimate in Sect. 4.3. Using H, column
density estimates obtained with the same telescope and beam-
size as the water data, the errors due to beam filling are min-
imised. Finally, the collision coefficients for collisional excita-
tion of ortho-H,O by para- and ortho-H, were obtained from
Phillips et al. (1996), at a temperature of 80 K in (0’, —2’)
and 60 K in (+2’, —2") and (+1’, +3’), assuming an LTE ratio
of ortho- to para-H, of 1.07 (at 80 K). The average ortho-H,O
abundance ratios within the Odin beam in these positions, ob-
tained through Eq. (1), are presented in Table 3.

The 0-H,O abundances presented in Table 3 are more than an
order of magnitude higher than the typical ortho-H,O abundance
towards the Orion ridge, derived with the same method from
SWAS-data, 5 x 1070 (Snell et al. 2000). However, using a more
elaborate statistical equilibrium code, these authors find about
one order of magnitude larger abundances, 1—-8 x 1078, The un-
derestimate of Eq. (1) thus revealed is expected and mainly
arises because of deviations from a simple two-level system.
Since errors of the same magnitude should apply to our results,
we find a significantly higher water abundance than that derived
by Snell et al. (2000). We believe that this discrepancy mainly
is a result of our effort to use an H, column that spatially better
coincides with the origin of the observed water emission. Other
factors influencing the result are the higher temperature assumed
by us, decreasing the result through three times higher colli-
sion coefficient, and the one order of magnitude smaller density
assumed by us. From a simple geometrical argument, the den-
sity assumed by us (10° cm™), in combination with the Orion
PDR H; column densities used, leads to a PDR layer depth of
the order of 10'7 cm, in reasonable agreement with the Orion
Bar thickness as observed e.g. in CO J = 7—-6 by Wilson et al.
(2001).

Another important feature of the energy level struc-
ture in H,O is that the wavelengths of H,O (25;—1;0) and
(212—1¢1) lines are in the FIR (1 ~ 110 and ~180 um). The
strong and rather extended FIR radiation in the Orion KL region
(e.g. Arimura et al. 2004) may thus alter the population distribu-
tion, yielding substantial errors also in the water abundances de-
rived from statistical equilibrium codes. We believe that a proper
modelling of this effect, preferrably including spatial variations
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in the FIR field, is required to find more exact water abundances
in the Orion KL region.

5. Conclusions

We have shown that by combining the temperature and column
density information from the '>CO and '*CO J = 5-4 emission
maps, we can derive the column density distribution of H, gas in

. . . . 50%
the Orion KL region to a high level of certainty (*35,). We find

H, column densities ranging from 5 x 10>' cm™2 at map edges
to 7 X 10?2 cm™2 at the molecular ridge. We esimate that about
half of this latter column density belongs to the warm Orion
PDR. Based on data from three positions where C'#0 J = 5-4
has been observed, we estimate the ortho-water abundance in
the Orion PDR layer to be >8 x 1078, which is higher than pre-
viously estimated. Higher transitions in '*CO or C'80 should
trace the warm Orion PDR gas even better, so it would be desir-
able to obtain such maps, none of which has been published to
date.

Our ultimate goal for this work is to apply a MEM-type de-
convolution algorithm to CO, '3CO, J = 5-4 and H,O maps
that very recently have been extended southwards to include the
whole Orion Bar. This will make it possible to study H,O abun-
dance variations at an angular resolution comparable to that of
Herschel Space Observatory at these wavelengths.
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