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Chapter 5 – Spatial distribution of H2O in the Orion Bar

Abstract
Context. The surfaces of molecular clouds are thought to have a layered struc-
ture, but the underlying physical and chemical processes, in particular the oxygen
chemistry, are not well understood.
Aims. In order to test a recent model in which the chemistry of H2O in PDRs is
driven by photodissociation and photodesorption, we study the spatial distribu-
tion and abundance of H2O in the Orion Bar.
Methods. We present submm line profiles and maps of H2O observed with Her-
schel/HIFI toward the Orion Bar. We analyze the temperature and density struc-
ture of the Orion Bar, comparing the observed H2O line ratios with non-LTE ra-
diative transfer models.
Results. The ground-state lines of H2O show broader line widths (∼4.8 km s−1)
than the excited-state lines of H2O (∼2.5 km s−1) due to tracing additional mate-
rial as a result of higher optical depth. A comparison of the spatial distribution of
H2O to those of C2H, C18O, and OH shows that the C2H emission peaks close to
the ionization front, followed by H2O and C18O. The H2O line intensities indicate
a kinetic temperature of 30–70 K and a total H2O column density of ∼1015–1016

cm−2, assuming a fixed H2 density of 105 cm−3.
Conclusions. The H2O abundance peaks at ∼22 arcsec from the ionization front,
where the extinction is ∼8mag. This is similar to what recent models predict. Our
results support the idea that H2O chemistry is dominated by photodesorption.
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5.1 Introduction

5.1 Introduction
Photondissociation regions (PDRs) correspond to the surfaces ofmolecular clouds
where the physics and chemistry are largely affected by the FUV irradiation (6 eV
< hν < 13.6 eV) from nearby OB stars. Various observational and theoretical stud-
ies discuss the different chemical layers maintained by the FUV radiation (Hol-
lenbach & Tielens 1997, van der Wiel et al. 2009). Hollenbach & Tielens (1997)
describe the structure of a PDR as follows. The outer part of PDRs is dominated
by a layer of atomic hydrogen. Fine structure lines of atoms and ions such as CII
and OI are also found in this region, while molecules (H2, CO) dominate deeper
into the cloud. PDRs also include transition layers such as H/H2, C+/C/CO, and
O/O2. The chemical stratification of PDRs has been confirmed by observations.
van der Wiel et al. (2009) show that carbon-bearing radicals (i.e. C2H) emit closer
to the ionization front anddensemolecular tracers, such asC18O, are founddeeper
into the cloud.

Hollenbach et al. (2009) present the temperature and chemical structure of gas-
phaseH2OandO2 including grain surface chemistry and desorption by FUVwith
depth into the cloud. They propose the presence of three subregions within a
molecular cloud. At the surface of a cloud (AV . 2.8 mag), photodissociation by
the interstellar radiation field (ISRF) or by the FUV dominates, so gas-phase H2O
and O2 abundances are very low in this so-called photodissociated region. In the
intermediate regions (3 < AV < 6), the peak of the gas-phase H2O abundance is
maintained by photodesorption. The abundances of other O-bearing molecules
(e.g., OH and O2) closely track the abundance of gas-phase H2O. This is called the
photodesorption region. Deeper into the cloud (AV & 6), the UV intensity is too
low to desorb H2O from the grains and gas-phase atomic O is converted to water
ice in the so-called freeze-out region.

The Orion Bar is an ideal target for testing models of PDR structure, since it is
oriented edge-on and is relatively nearby at a distance of ∼420 pc (Menten et al.
2007). The ionized medium is irradiated by the Trapezium cluster with an FUV
radiation field of (1–4)×104 χ0 (Hogerheijde et al. 1995), where the Draine field χ0
is 2.7×10−3 erg s−1 cm−2 (Draine 1978). The average density of the Bar is about
105 cm−3, and the gas temperature is ∼85 K in the interior (Hogerheijde et al. 1995)
with higher temperature of ∼150 K at the PDR surface (Larsson et al. 2003). The
interferometric observations confirmed the clumpiness of the PDR (Lis & Schilke
2003), with densities between 1.5×106 cm−3 and 6×106 cm−3, while the densities of
the interclump medium are between a few 104 cm−3 (Young Owl et al. 2000) and
2×105 cm−3 (Simon et al. 1997).

We present the Herschel/HIFI observations of H2O toward the Orion Bar and
compare the observations tomodels. Our observations are summarized in Sect. 5.2.
In Section 5.3 we present our observational results. Section 5.4 presents the anal-
ysis of the physical conditions within the Orion Bar using observational data. Fi-
nally, we discuss our results in Sect. 5.5.
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Table 5.1 – Overview of the observed lines used in this paper.

Molecule Transition Frequency Eup Inst. / HIFI Beam ηmb comments
(GHz) (K) band modea (′′)

o-H2
18Ob 110–101 547.676 60.5 HIFI / band 1a SS / FS / OTF 38.7 0.75 90′′×60′′ map

p-H2
18Ob 111–000 1101.698 53.4 HIFI / band 4b SS / OTF 19.2 0.74 90′′ strip

o-H2O 110–101 556.936 61.0 HIFI / band 1a SS / OTF 38.0 0.75 90′′ strip
p-H2O 211–202 752.033 136.9 HIFI / band 2b SS / OTF 28.2 0.75 90′′×60′′ map
p-H2O 202–111 987.926 100.8 HIFI / band 4a SS / OTF 21.3 0.74 90′′×60′′ map
o-H2O 312–303 1097.365 249.4 HIFI / band 4b SS 19.2 0.74
p-H2O 111–000 1113.343 53.4 HIFI / band 4b SS / OTF 19.0 0.74 90′′×60′′ map
o-H2O 221–212 1661.007 194.1 HIFI / band 6b SSc 12.8 0.72
o-H2O 212–101 1669.904 114.4 HIFI / band 6b SSc / OTF 12.7 0.72 90′′×60′′ map
o-H2O 303–212 1716.770 196.7 HIFI / band 7a SS / OTF 11.1 0.69 90′′×60′′ map
C2Hd N=6–5, J=13/2–11/2 523.917 88.0 HIFI / band 1a SS / OTF 44.2 0.75 90′′×60′′ map
C18O 5–4 548.831 79.0 HIFI / band 1a SS / OTF 44.2 0.75 90′′×60′′ map
OHe 2Π3/2 J=5/2–3/2 ∼119f 120.0 PACS 9.4g 5×5 footprint
OHe 2Π1/2 J=3/2–1/2 ∼163f 270.0 PACS 9.4g 5×5 footprint

Notes. (a) SS is for the Spectral Scan mode, FS for the Frequency Switching mode, and OTF for the On The Fly mapping mode.
(b) Choi et al. (2014).
(c) HIFI deep integration of spectral scan mode.
(d) Nagy et al. (2015).
(e) Goicoechea et al. (2011).
(f) Wavelength in µm.
(g) The size of one PACS spaxel.
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5.2 Observations

5.2 Observations

We present here the observational data obtained as part of “Herschel observations
of EXtra-Ordinary Sources” (HEXOS) guaranteed-time key program (Bergin et al.
2010) of the Herschel Space Observatory (Pilbratt et al. 2010). The Orion Bar (CO+

peak: αJ2000 = 05h35m20.6s, δJ2000 = −05◦25′14′′) was observed with the Het-
erodyne Instrument for the Far-Infrared (HIFI, de Graauw et al. 2010) onboard
Herschel in spectral scan mode covering the full frequency coverage of HIFI (480–
1250 GHz and 1410–1910 GHz).

The data were reduced using the Herschel Interactive Processing Environment
(HIPE, Ott 2010) versions 9.0 and 10.0. Removal of standing waves and spurs was
performed, as well as the sideband deconvolution. Detailed data reduction and
full spectral scan results are described in Nagy, Choi et al. (in prep.). Further
analyses were done using the CLASSa package.

Additionally, we present the o-H2O 212–101 and o-H2O 221–212 lines observed
as a deep integration spectral scan in band 6b, with a total integration time of 11.7
hours and a redundancy 4 in dual-beam-switch (DBS) mode. Both the WBS and
High Resolution Spectrometer (HRS) backendswere used. The datawere reduced
using the HIPE pipeline, version 8.0.

Besides the HIFI spectral scans, we use the H2O maps observed with Her-
schel/HIFI in on-the-fly (OTF) mapping mode with position-switch reference. All
maps were centered on αJ2000 = 05h35m20.81s, δJ2000 = −05◦25′17.1′′. The map was
reduced with HIPE 12.0 and exported to CLASS for further analysis, including
the summation of points from the same position and the two polarizations, and
the baseline subtraction.

In addition to the HIFI H2Omaps, we use the C18O 5–4, C2H N=6–5, J=13/2–
11/2 (Nagy et al. 2015) maps observed with Herschel/HIFI and OH 2Π3/2 J=5/2–
3/2, OH 2Π1/2 J=3/2–1/2 (Goicoechea et al. 2011) maps observed with the Pho-
todetector Array Camera and Spectrometer (PACS, Poglitsch et al. 2010). The ob-
servation of the C18O 5–4 map was carried out using Herschel/HIFI OTF map-
ping mode with position-switch reference and the map was centered on αJ2000 =

05h35m20.81s, δJ2000 = −05◦25′17.1′′. Detailed data reduction was done using the
same method used to reduce the HIFI H2O maps as mentioned above. Table 5.1
provides frequencies, energy of the upper levels, instrument, HIFI band, andHIFI
observingmode. The beam sizes andmain beam efficiencies in Table 5.1 are based
on Roelfsema et al. (2012).

a http://www.iram.fr/IRAMFR/GILDAS/
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Chapter 5 – Spatial distribution of H2O in the Orion Bar
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Figure 5.1 – Spectra of the ground-state H2
16O lines in the Orion Bar, with continuum sub-

tracted. Dashed lines are drawn at the source velocity VLSR=–10.0 km s−1.
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Figure 5.2 – The line width (upper) and the LSR velocity (lower) of the detectedH2
16O (black

filled diamond) and H2
18O (green open diamond, Choi et al. 2014) transitions in the Orion

Bar as a function of energy levels.

5.3 Results

5.3.1 H2O line profiles

TheHIFI spectra towards theCO+ peak (Fig. 5.1) present purely emission inH2
16O

lines but the line profiles differ between the ground-state levels of H2
16O and its

excited levels toward the Orion Bar. The ground-state lines of the main isotopo-
logue (p-H2O 111–000, o-H2O 212–101, o-H2O 110–101) show strong emission with
double-peaks, while the excited-state lines of H2

16O (p-H2
16O 202–111, p-H2

16O
212–202, o-H2

16O 312–303, and o-H2
16O 221–212) appear in emission with one com-
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Chapter 5 – Spatial distribution of H2O in the Orion Bar

Table 5.1 – Line parameters obtained from Gaussian fits.

Line
∫

TMBdV VLSR ∆V TMB rmsa
(K km s−1) (km s−1) (km s−1) (K) (mK)

o-H2O 110–101 21.65±0.07 10.48±0.01 4.43±0.02 4.57 30
p-H2O 111–000 9.92±0.18 9.95±0.05 5.06±0.10 1.84 100
o-H2O 212–101 7.99±0.15 10.20±0.05 4.88±0.09 1.54 110
p-H2O 212–202 6.72±0.11 10.41±0.02 2.42±0.05 2.69 90
p-H2O 202–111 6.91±0.10 10.38±0.20 2.90±0.05 2.24 70
o-H2O 312–303 1.97±0.11 10.26±0.02 2.07±0.14 0.89 90
o-H2O 221–212 1.98±0.15 10.06±0.02 2.46±0.21 0.76 150

Notes. Three ground-state lines of H2O are fitted with one Gaussian component.
(a) The rms is the noise at a given spectral resolution δv = 1.1 MHz.

ponent. All of the LSR velocities are similar at ∼10 km s−1, which corresponds to
the centroid for all water transitions including the double-peaked ones (Fig. 5.1).
The velocities of the excited-state lines of H2

16O (VLSR ∼10 km s−1) seem to be
in between two velocities of the ground-state lines (9.5 km s−1 and 12.0 km s−1).
We therefore attribute the double-peaked appearance of the ground-state lines to
self-absorption.

The line parameters obtained by fitting Gaussians are listed in Table 5.1. For
the emission features, we fit all of the water lines assuming one velocity compo-
nent. The line widths and peak LSR velocities are plotted against emitting energy
level in the Orion Bar in Fig. 5.2. As expected, the widths of the ground-state lines
of H2

16O are larger (∼4.8 km s−1) than those of the excited-state lines (∼2.5 km s−1).
The ground-state lines of H2

18O (o-H2
18O 110–101 and p-H2

18O 111–000) show sim-
ilar line profiles to the excited levels of H2

16O, with VLSR∼10 km s−1 and narrower
line widths of FWHM ∼2 km s−1 (Choi et al. 2014). Compared to other detected
molecules in the Orion Bar (Nagy, Choi et al. in prep.), the excited-state lines of
H2O and the ground-state lines of H2

18O show typical values for line widths for
theOrion Bar (2–3 km s−1). Some other species includingHF, OH+, and CH+ show
broader line widths (> 4 km s−1), similar to the ground-state lines of H2O. Nagy
et al. (2013) and van der Tak et al. (2013b) argue that broad-line species (HF, OH+,
and CH+) originate in interclump gas, while narrow-line species are from dense
clumps. Two kinds of H2O lines classified by line width (the ground-state and
the excited-state lines of H2O) can therefore also be explained by two different
physical components.
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5.3 Results

Figure 5.3 – Integrated intensity maps of p-H2O 111–000 line (1113 GHz).

Figure 5.4 – Integrated intensity maps of p-H2O 202–111 line (988 GHz).

Figure 5.5 – Integrated intensity maps of p-H2O 211–202 (752 GHz).

101



Chapter 5 – Spatial distribution of H2O in the Orion Bar

5.3.2 Spatial distribution of H2O
Figures 5.3–5.5 show the integrated intensity maps of p-H2O 111–000 (1113 GHz,
Fig. 5.3), p-H2O 202–111 (988 GHz, Fig. 5.4), and p-H2O 212–202 (752 GHz, Fig. 5.5)
transitions. The beam size of p-H2O 111–000 line (1113 GHz, 19.0′′) is smaller than
that of p-H2O 202–111 line (988 GHz, 21.3′′) and p-H2O 212–202 line (752 GHz,
28.2′′).

The ground-state lines of H2
18O and the higher-frequency H2O transitions (o-

H2O 221–212, o-H2O 212–101, and o-H2O 303–212) are not detected with HIFI OTF
mapping mode. Emission arising from the p-H2O 111–000 (1113 GHz) line is more
extended than that of other water lines The peak of integrated intensities of water
lines is located toward the eastern part of the Bar, at an offset of around 20′′ from
the CO+ peak (the center of the maps).

Figures 5.6–5.7 show the spatial distribution of the p-H2O 111–000 line at 1113GHz
(grey image) overlaid with the C2H N=6–5, J=13/2–11/2 line (magenta contours,
Nagy et al. 2015) and C18O 5–4 line (green contours). In the figures, PACS OH
2Π1/2 J=3/2–1/2 excited lines at 163 µm (Fig. 5.6) and PACS OH 2Π3/2 J=5/2–3/2
ground-state lines at 119 µm (Fig. 5.7) are shown (Goicoechea et al. 2011). The
overlay shows that the H2O emission peaks in between the C18O and C2H emis-
sions. The OH 163 µm emission peak is located toward the H2O peak, while the
bright emission of the ground-state OH lines at 119 µm coincides with the spread
at all positions. The OH emission at 119 µm can be directly excited by the dust
thermal continuum in the Bar and hence its distributionmay not follow the higher
excited-state lines of OH.We conclude that bothH2OandOHpeak are in between
C2H and C18O, inconsistent with the classical PDR structure (Hollenbach & Tie-
lens 1997).

5.4 Analysis

5.4.1 Kinetic temperature estimates
Weuse emission ratios of the lines fromwatermolecules (p-H2O 202–111 (988GHz)
to p-H2O 111–000 (1113GHz)&p-H2O 212–202 (752GHz) to p-H2O 202–111 (988GHz))
to estimate the kinetic temperatures in the Orion Bar.

To extract physical information, we calculate the line ratios using the non-LTE
radiative transfer program RADEX (van der Tak et al. 2007). We use molecular
data from the LAMDA database (Schöier et al. 2005) and the collisional rate co-
efficients of H2O with H2 from Daniel et al. (2011), assuming thermal values for
the o/p ratio of H2. We assume an H2 density of n(H2)=105 cm−3 as an average
value in the Orion Bar (Hogerheijde et al. 1995) and a kinetic temperature of up to
∼200 K at the PDR surface (Larsson et al. 2003). The grid of models has values of
Tkin from 10 to 200 K and values of n(H2) from 103 to 108 cm−3. We fix the column
density at 5 × 1015 cm−2, a value that is obtained from H2

18O observations (Choi
et al. 2014) and a line width of 2.5 km s−1, consistent with the observed line width
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Figure 5.6 – HerschelPACS OH 2Π1/2 J=3/2–1/2 excited doublet at 163 µm (black,
Goicoechea et al. 2011) overlaid on the distribution of the p-H2O 111–000 line at 1113
GHz (grey image) observed with Herschel/HIFI. Integrated intensity maps of C2H N=6–
5, J=13/2–11/2 (Nagy et al. 2015) and C18O 5–4 are presented in magenta contours and
green contours, respectively.
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Figure 5.7 – Same as Fig. 6 for the Herschel/PACS OH 2Π3/2 J=5/2–3/2 ground-state lines
at 119 µm (Goicoechea et al. 2011).
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of excited-state H2O lines (see Table 5.1). A modified blackbody distribution (a
dust temperature of Td = 49 K and a dust emissivity index of β = 1.6) is applied to
the non-LTE calculations for the interior of the Orion Bar (Arab et al. 2012). This
modified blackbody distribution is used for calculating the excitation of OH+ in
the Orion Bar, which far-infrared radiative pumping by local dust contributes to
the OH+ excitation (van der Tak et al. 2013b).

Figure 5.8 shows the predicted p-H2O 202–111 (988 GHz) and p-H2O 111–000
(1113 GHz) line intensity ratios and the p-H2O 212–202 (752 GHz) and p-H2O 202–
111 (988 GHz) line intensity ratios for H2 volume densities between 103 cm−3 and
108 cm−3 and kinetic temperatures between 10 and 200 K.

Figure 5.9 shows the observed line ratio of p-H2O 202–111 (988 GHz) to p-H2O
111–000 (1113 GHz) and the observed line ratio of p-H2O 212–202 (752 GHz) to p-
H2O 202–111 (988 GHz) for the Orion Bar. Line ratios are not corrected for the
different beam sizes, since the frequencies are similar. Both line ratios lie between
0.3 and 2. However, the distributions of the observed line ratios between two cases
are different. The observed line ratio of p-H2O 202–111 (988 GHz) to p-H2O 111–000
(1113 GHz) is higher around thewater emission peak (offset of ∼20′′ from the CO+

peak) than the southeast and northwest regions, while the observed line ratio of
p-H2O 212–202 (752 GHz) to p-H2O 202–111 (988 GHz) is lower around the water
emission peak than the southeast and northwest regions. We expect that this is
caused by the optical depth effect of the p-H2O 111–000 (1113 GHz) line.

Wederive kinetic temperatures at different locationswithin the Bar, comparing
the observed line ratios to predicted values estimated assuming non-LTE radia-
tion transfer. We use the line ratios of p-H2O 212–202 (752 GHz) to p-H2O 202–111
(988 GHz) because the p-H2O 111–000 line (1113 GHz) likely includes additional
material with higher optical depth which results in double-peak line profiles (see
Fig. 5.1). Figure 5.10 shows a kinetic temperature of ∼70 K at the water emission
peak (offset of ∼20′′ from the CO+ peak) and 30–50 K toward the southeast and
northwest regions at the assumed density of n(H2) = 105 cm−3.

The derived kinetic temperatures are lower than the gas temperature (∼150 K)
at the PDR surface (Larsson et al. 2003) and even lower than the average gas tem-
perature of∼85 K derived fromH2CO (Hogerheijde et al. 1995), which couldmean
that the water emission does not arise from very warm gas (> 85 K) in the Orion
Bar. Jansen et al. (1995) predicts the kinetic temperatures (Tkin = 30–70 K) at AV =
4–5 and a H2 density of 105 cm−3, which are similar results to what we find. Ad-
ditionally, H2Owould not thermally desorb from the grains at Tkin < 100 K, but it
may be kept in the gas phase by photodesorption.

5.4.2 Column density and abundance estimates
To estimate the total (ortho+para) column density of N(H2O), we adopt the higher
resolution map of the p-H2O 111–000 (1113 GHz) line. We derive the column den-
sities of p-H2O, N(p-H2O), from the intensity of the p-H2O 111–000 (1113 GHz) line
using non-LTE calculations. We assume an H2 density of 105 cm−3 and a kinetic
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p-H2O 202–111 (988 GHz).
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Figure 5.11 – Column densities of p-H2O 111–000 (1113 GHz) adopting the kinetic temper-
atures of p-H2O 212–202 (752 GHz) to p-H2O 202–111 (988 GHz).
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temperature distribution (Tkin = 30–70 K) calculated from the line ratios of p-H2O
212–202 (752 GHz) to p-H2O 202–111 (988 GHz).

Figure 5.11 presents the column density map of the p-H2O 111–000 (1113 GHz)
line. The derived column densities range from ∼ 3 × 1015 cm−2 to ∼ 1 × 1016 cm−2.
The column densities are in good agreement with that obtained from p-H2

18O
(Choi et al. 2014), ∼ 5 × 1015 cm−2, with 16O/18O = 500 (Wilson & Rood 1994).

Assuming an ortho/para ratio of 1 (Choi et al. 2014), we find that the total
(ortho+para) H2O column density, N(H2O), is ∼ 6 × 1015–2 × 1016 cm−2 along the
Bar.

To turn column density into abundance, we use the C18O 5–4 map observed
with the Herschel/HIFI OTF mapping mode (see Fig. 5.12). Assuming non-LTE,
we use the same assumptions as mentioned above, which is n(H2) = 105 cm−3 and
Tkin = 30–70 K derived from the line ratios of p-H2O 212–202 (752 GHz) to p-H2O
202–111 (988 GHz). Using the same method for calculating of N(p-H2O), we find a
C18O column density of ∼ 1015–1016 cm−2.

We derive an H2 column density, N(H2), of ∼ 5 × 1022–5 × 1023 cm−2, assuming
an abundance of CO/H2 of 10−4 and 16O/18O = 500. Using the derived H2 col-
umn density and total H2O column density, we find that the abundance of H2O
is ∼10−7. Our results are similar to the models (Hollenbach et al. 2009), which the
abundance of gas-phase H2O shows a broad plateau at values of ∼10−7 at inter-
mediate depth (AV ∼3–8 mag). In this region, the gas-phase abundance of H2O is
maintained by photodesorption. We suggest that photodesorption is a dominant
process of H2O chemistry in the Orion Bar.

We estimate the distance of theH2Oabundance peak from the ionization front,
to be ∼22 arcsec (see Fig. 5.13). Using a distance to the Orion Bar of 420 pc, the
distance of the H2O abundance peak corresponds to ∼1.2×1019 cm, and assuming
n(H2)=105 cm−3, to a columndensity of∼1.2×1022 cm−2. Adopting NH/AV=1.5×1021

cm−2 mag −1, we estimate a visual extinction (AV) from the ionization front and
find the visual extinction of ∼8 mag. According to the models (Hollenbach et al.
2009), gas-phase H2O abundance peaks at the depth of AV∼3–8 from the surface,
which is the photodesorbed region. The H2O abundance peak and the distance
from the surface by our calculations well agree with the models (Hollenbach et al.
2009).

5.5 Conclusions
We analyze the physical conditions towards the Orion Bar using line profiles and
maps of H2O obtained by Herschel/HIFI.

1. Wepresent seven rotational transitions ofH2OobservedwithHerschel/HIFI.
They appear in emission but the ground-state lines of H2O have broad line
widths (∼4.8 km s−1) with double peaks, while the excited-state lines of H2O
have narrow line widths (∼2.5 km s−1). The differences in line widths are
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Figure 5.12 – Integrated intensity maps of C18O 5–4.
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Figure 5.13 – Abundancemaps of H2O adopting the the kinetic temperatures of p-H2O 212–
202 (752 GHz) to p-H2O 202–111 (988 GHz). Black contours show Spitzer Space Telescope 8 µm
continuum emission (Megeath et al. 2012). Blue and red crosses indicate H2O abundance
peak and ionization front, respectively. Dotted line is perpendicular to the ionization front.
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expected to be due to opacity. But it is also possible that some of the ground-
state emission originates in the lower density interclump medium.

2. The Herschel/HIFI mapping observations of H2O confirm the theoretical
and the observational PDR structure (Hollenbach et al. 2009, van der Wiel
et al. 2009). TheH2Oemission peaks between the dense gas and the radicals.

3. We derive kinetic temperatures of 30–70 K using the line ratios of H2O,
which is similar to the prediction by Jansen et al. (1995). The water emission
does not arise from very warm gas (> 85 K) in the Orion Bar, supporting that
we do not detect emission arising from excited states of H2

18O (Choi et al.
2014).

4. We estimate the total (ortho+para) column density of H2O in the Orion Bar
using the map of p-H2O 111–000 (1113 GHz) line. The column density of
the p-H2O from the 111–000 (1113 GHz) line is between ∼3×1015 cm−2 and
∼1016 cm−2, which is similar to the column density of p-H2

18O, ∼5×1015 cm−2

(Choi et al. 2014), assuming 16O/18O = 500 (Wilson & Rood 1994).

5. Using the C18O 5–4 map, we find the derived H2O abundance of ∼10−7 and
peaks at the depth of AV ∼8mag from the ionization front. Our results show
that photodesorption mainly plays a role in the Orion Bar, consistent with
the low ortho-to-para ratio of H2O (∼1) presented by Choi et al. (2014).

Acknowledgements

The authors thank Zsófia Nagy for the help in HIFI data reduction. We also thankMatthijs
van derWiel for providing us with C18O 2–1 JCMTmap and Javier Goicoechea for provid-
ing us with OH PACS maps. HIFI has been designed and built by a consortium of insti-
tutes and university departments from across Europe, Canada and the US under the lead-
ership of SRON Netherlands Institute for Space Research, Groningen, The Netherlands
with major contributions from Germany, France and the US. Consortium members are:
Canada: CSA, U.Waterloo; France: CESR, LAB, LERMA, IRAM; Germany: KOSMA,
MPIfR, MPS; Ireland, NUI Maynooth; Italy: ASI, IFSI-INAF, Arcetri-INAF; Nether-
lands: SRON, TUD; Poland: CAMK, CBK; Spain: Observatorio Astronómico Nacional
(IGN), Centro de Astrobiología (CSIC-INTA); Sweden: Chalmers University of Technol-
ogy âĂŞMC2, RSS&GARD,Onsala Space Observatory, Swedish National Space Board,
Stockholm University âĂŞ Stockholm Observatory; Switzerland: ETH Zürich, FHNW;
USA: Caltech, JPL, NHSC.

110


