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1 INTRODUCTION

ABSTRACT

Understanding water deuterium fractionation is important for constraining the mechanisms
of water formation in interstellar clouds. Observations of HDO and H®O transitions were
carried out towards the high-mass star-forming region G34.26+40.15 with the Heterodyne
Instrument for the Far-Infrared (HIFI) instrument onboard the Herschel Space Observatory,
as well as with ground-based single-dish telescopes. 10 HDO lines and three H}*O lines
covering a broad range of upper energy levels (22-204 K) were detected. We used a non-local
thermal equilibrium 1D analysis to determine the HDO/H,O ratio as a function of radius in
the envelope. Models with different water abundance distributions were considered in order to
reproduce the observed line profiles. The HDO/H, O ratio is found to be lower in the hot core
(~3.5 x 107~7.5 x 10~*) than in the colder envelope (~1.0 x 1073-2.2 x 1073). This is the
first time that a radial variation of the HDO/H, O ratio has been found to occur in a high-mass
source. The chemical evolution of this source was modelled as a function of its radius and the
observations are relatively well reproduced. The comparison between the chemical model and
the observations leads to an age of ~10° yr after the infrared dark cloud stage.

Key words: astrochemistry —ISM: abundances—ISM: individual objects: G34.2640.15-
ISM: molecules.

star-forming regions. Water is also a contributor to maintaining the
low temperature of the gas by spectral line radiative cooling. Low

Water, being necessary for the emergence of life, is one of the
most important molecules found in space. As a dominant form of
oxygen (the most abundant element in the Universe after hydrogen
and helium), water controls the chemistry of many other species,
whether in the gas phase or in the solid phase (see e.g. the review by
van Dishoeck, Herbst & Neufeld 2013). Water is a unique diagnostic
of the warmer gas and the energetic processes taking place close to
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temperatures are a requisite for cloud collapse and star formation.
Water is mainly in its solid form (as ice on the surface of dust grains)
in the cold regions of the interstellar medium as well as in asteroids
and comets that likely delivered water to the Earth’s oceans (e.g.
Hartogh et al. 2011; Alexander et al. 2012). Therefore, constraining
the distribution of water vapour and ice during the entire star and
planet formation phase is mandatory to understand our own origins.

Because of its high abundance in our own atmosphere, observa-
tions of interstellar water have been primarily carried out from space
observatories including Infrared Space Observatory (ISO), Spitzer,
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Odin, Submillimeter Wave Astronomy Satellite (SWAS), and recently
Herschel. Indeed, water has been detected towards the cold pre-
stellar core L1544 (Caselli et al. 2012), many low-mass protostars
(e.g. Kristensen et al. 2010, 2012; Coutens et al. 2012), high-mass
protostars (e.g. Emprechtinger et al. 2013; van der Tak et al. 2013),
in the disc of a young star TW Hydrae (Hogerheijde et al. 2011), as
well as in many comets (e.g. 103P/Hartley 2: Hartogh et al. 2011;
C/2009 P1 (Garradd): Bockelée-Morvan et al. 2012; 45P/Honda-
Mrkos-Pajdusakova: Lis et al. 2013) and in asteroids (24 Themis:
Campins et al. 2010; Ceres: Kiippers et al. 2014). The water abun-
dance shows a very large variation from one source category to
another, as well as within each type of sources. The question then
arises: how is water produced and why are its abundance varia-
tions so large? Although production in the gas phase followed by
direct condensation on to dust grains is possible (Bergin, Neufeld
& Melnick 1999), observations favour formation through chemical
reactions on the surface of cold dust grains. Indeed, in comparison
to gas phase water abundance, the observed water ice abundance is
too high to be entirely explained by direct accretion from the gas
phase (Roberts & Herbst 2002). Consequently surface reactions on
cold dust grains to form water molecules have been investigated with
modern surface science techniques (e.g. Watanabe & Kouchi 2008).
Considering the large reservoir of oxygen and hydrogen atoms in
molecular clouds, large amounts of water ice might be produced
(Dulieu et al. 2010) following the successive hydrogenation of oxy-
gen on grain surfaces:

02 ou & H0. (1)

Tielens & Hagen (1982) proposed that water ice might also be pro-
duced through the successive hydrogenation of molecular oxygen:

0, 3 HO, & H,0, X H,0 +OH, )

demonstrated by Miyauchi et al. (2008), loppolo et al. (2008), and
Oba et al. (2009), or by hydrogenation of ozone:

0, 2 0,+0H OHZ H,0+H, 3)

demonstrated by Mokrane et al. (2009).

Deuterated water is likely to be formed through the same pro-
cesses. Many rotational transitions have been detected from the
ground, as well as with the Herschel/Heterodyne Instrument for
the Far-Infrared (HIFI), for example in low-mass protostars (Parise
et al. 2005; Liu et al. 2011; Coutens et al. 2012, 2013b; Pers-
son, Jgrgensen & van Dishoeck 2013; Persson et al. 2014), high-
mass star-forming regions (e.g. Jacq et al. 1990; Gensheimer,
Mauersberger & Wilson 1996), and comets (e.g. Bockelée-Morvan
et al. 1998; Hartogh et al. 2011; Lis et al. 2013). The HDO/H,0
ratio is an interesting diagnostic tool to help understand the ori-
gin of water in the interstellar medium, with a direct comparison
with the D/H ratio observed in comets and in the Earth’s oceans.
It is also helpful to constrain the water formation conditions. In
star-forming regions, observations of both high- and low-excitation
water lines with a high spectral resolution are needed to disentangle
the contributions from the hot cores (or hot corinos in the case of
low-mass protostars) and the colder external envelope, that can be
linked to the parental cloud, in which stars form. Near protostars,
the grain temperature rises above ~100 K, leading to rapid water
ice desorption that increases the gas phase H,O (and its deuterated
counterparts) abundance in the inner parts of the envelope. In order
to interpret the observed spectra in terms of local physical conditions
and relative abundances, radiative transfer modelling is necessary.
This is illustrated with the modelling performed by Coutens et al.
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(2012, 2013a) towards the low-mass protostar IRAS 16293 —-2422,
where numerous HDO, H;‘o, and D, O transitions have been used
simultaneously to constrain the abundances in the hot corino, in the
cold envelope, and in a water-rich absorbing layer surrounding the
envelope.

This paper reports full statistical equilibrium and radiative trans-
fer calculations towards the ultracompact H 11 region G34.264-0.15
(hereafter G34) using both ground-based observations and
Herschel/HIFI observations of HDO and the less abundant H*O
water isotopologue. The paper is organized as follows. In Sections 2
and 3, we describe the source and the observations, respectively. In
Section 4, we present results obtained both with a simple local
thermal equilibrium (LTE) modelling and with the 1D non-LTE
modelling. In Section 5, we compare them with a chemical model.
Finally, we present our conclusions in Section 6.

2 SOURCE DESCRIPTION

Located at a distance of ~3.3 kpc (Kuchar & Bania 1994), G34
has been widely studied in radio continuum (Turner et al. 1974;
Reid & Ho 1985; Wood & Churchwell 1989; Sewilo et al. 2011)
and radio recombination lines (Garay, Reid & Moran 1985; Garay,
Rodriguez & van Gorkom 1986; Gaume, Fey & Claussen 1994;
Sewito et al. 2004, 2011). Several components have been identi-
fied in radio continuum observations: two ultracompact H 11 regions
called A and B, a more evolved H 1 region with a cometary shape
(component C), and an extended (1 arcmin) H 11 region (component
D) in the south-east. Chemical surveys were carried out towards the
A, B, and C components using single-dish telescopes (MacDonald
et al. 1996; Hatchell et al. 1998) and interferometric observations
(Mookerjea et al. 2007). Many complex species, characteristic of
hot cores, have been detected. From molecular line observations,
the emission peak does not coincide with the H i1 components (Watt
& Mundy 1999; De Buizer et al. 2003), but is shifted to the east of
the component C by ~1 arcsec (Mookerjea et al. 2007, fig. 3). This
difference may arise due to the external influence of the nearby Hu
regions, or may reveal separate regions of chemical enrichment.
The hot core is likely externally heated by stellar photons rather
than by shocks, as SiO was not detected at the position of the hot
core (Hatchell, Fuller & Millar 2001). This source is also character-
ized by infall motions as suggested by observations of absorption
components of NH3, CN, HCN, and HCO' (Wyrowski et al. 2012;
Liu, Wu & Zhang 2013a; Hajigholi et al., in preparation).

The hot core of G34 has been the target of many Herschel/HIFI
observations for the past 4 yr, including water line emission (Flagey
et al. 2013) and its deuterated counterparts. We present in Sec-
tion 3 the HI30 and HDO transitions observed from the ground as
well as the Herschel/HIFI observations. Note that the half-power
beam width (HPBW) of those telescopes encompasses the compo-
nents A and B and the molecular peak from component C for all
observations.

3 OBSERVATIONS

3.1 Observations and data reduction

This source is part of the Probing Interstellar Molecules with Ab-
sorption Line Studies (PRISMAS) Key Program (Gerin et al. 2010)
which was followed by an Open Time Program led by C. Vastel.
The targeted coordinates are «(J2000) = 18"53™m18%7, §(J2000) =
01°14'58”. The observations were performed in the pointed dual
beam switch (DBS) mode using the double sideband (DSB) HIFI
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Table 1. HDO and H%SO transitions observed towards the ultracompact H i1 region G34¢.

Species Frequency JKaKe Eup/k Ajj Telescope HPBW  Fegr Besr dv rms? J Trpdv FWHM
(GHz) (K) (s (arcsec) (kms™') mK) (Kkms!') (kms!)

HDO 80.5783  1y0-114 47 132x 107° IRAM30-m 312 095 081 0.182 56 2.36 5.9

225.8967 312251 168 132x 107> IRAM 30-m 11.1 092 061 0.064 101 10.45 6.7

241.5616  211-212 95 1.19 x 107> IRAM 30-m 104 090 0.56 0.061 84 12.27 6.6

464.9245  191-0pp 22 1.69 x 107* CSO 16.5 - 035° 0.078 304 7.48 5.2

490.5966  202-111 66  5.25x107* HIFI 1a 439 096  0.76 0.305 10 2.13 7.6

509.2924 19—l 47 232x 1073 HIFI la 423 096 0.76 0.294 44 1.76 9.0

599.9267  21.1-202 95 3.45 x 1073 HIFI 1b 35.9 096  0.75 0.250 12 2.63 7.7

848.9618  2j,-1y, 84 927 x 107 HIFI 3a 254 096 075 0.176 10 3.92 10.3

893.6387  111-00p 43 8.35 x 1073 HIFI 3b 24.1 096  0.74 0.167 63 —2.384 5.9¢

919.3109  292-1g; 66 1.56 x 1073 HIFI 3b 234 096 074 0.163 20 2.01 6.1

p-HI8O 2034075  315-259 204 481 x107° IRAM 30-m 12.1 093  0.62 0.074 121 8.38 5.6

p-HI80¢  1101.6983 1100y 53 1.79 x 1072 HIFI 4b 19.2 096 0.74 0.136 110 —1.97" 6.4

o-HBOS  547.6764  119-1o, 60 329 x 1073 HIFI la 38.7 096 0.75 0.274 12 1.67 7.5k

Note: “The frequencies, upper energy levels (Eyp), and Einstein coefficients (Aj;) come from the spectroscopic catalogue JPL (Pickett et al. 1998).

’The rms is calculated at the spectral resolution of the observations, which is indicated in the column dv.

“This value corresponds to the ratio between the main beam efficiency Befr and the forward efficiency Fey.

9The integrated flux of the emission component is ~0.87 K km s~!, whereas it is ~—3.25 K km s~! for the absorbing component.

The full width at half-maximum (FWHM) of the fundamental line at 894 GHz is estimated to be 5.9 km s~! for the emission component (v sr = 58.0 km sh

and 3.9 kms~! for the absorption component (vpsg = 60.6 km s7h.

/After subtraction of the CH3OCHj3 line contaminating the para-H%SO line profile.

&Observations from Flagey et al. (2013).

"The integrated flux of the emission component is ~1.39 K km s~!, whereas it is ~—3.36 K km s~ for the absorbing component.
The FWHM of the fundamental H%SO line at 1101 GHz is estimated to be 6.4 kms™! for the emission component (v sr = 57.5 kms™ Y and 3.5 kms~! for

the absorption component (visr = 61.2 km s,

IThe integrated flux of the emission component is ~1.80 K km s~!, whereas it is ~—0.13 K km s~! for the absorbing component.
kThe FWHM of the fundamental H%SO line at 547 GHz is estimated to be 7.5 km s~ for the emission component (v sr = 57.3 km s~y and 3.3 kms~! for

the absorption component (v sr = 60.6 km s7h.

instrument (de Graauw et al. 2010; Roelfsema et al. 2012) onboard
the Herschel Space Observatory (Pilbratt et al. 2010). The DBS
reference positions were situated approximately 3 arcmin east and
west of the source. The HIFI Wide Band Spectrometer (WBS) was
used with optimization of the continuum, providing a spectral reso-
lution of 1.1 MHz over an instantaneous bandwidth of 4 x 1 GHz.
To disentangle the lines of interest from the lines in the opposite
sideband, possibly contaminating our observations, we observed the
same transition with three different Local Oscillator (LO) settings.
This method is necessary in such chemically rich regions in order
to ensure genuine detection of spectral lines. The HDO data were
processed using the standard HIFI pipeline up to level 2 with the
ESA-supported package HipE 8.0 (Ott 2010) and were then exported
as FTs files into cLAss/GiLDAs format! for subsequent data reduction.
The two linear polarizations were averaged to lower the noise in the
final spectrum. The baselines are well fitted by straight lines over
the frequency range of the whole band and were subtracted from
all observations. The single sideband continuum temperature (that
was obtained by dividing by 2 the DSB continuum derived from
the linear fit obtained from line-free regions in the spectrum, i.e.
assuming a sideband gain ratio of unity) was added to the spectrum
of the 1, ;-0 fundamental line. To constrain the HDO/H,O ratio,
we also used two H1®O transitions observed in the framework of
the PRISMAS program and previously published by Flagey et al.
(2013). We refer to this paper for the data reduction of these two
lines. A list of all the Herschel/HIFI observations used in this paper
is provided in Table A1l.

Uhttp://www.iram.fr/IRAMFR/GILDAS

The ground state 1y;—00o HDO transition was observed at the
Caltech Submillimeter Observatory (CSO) in 2011 September using
the Fast Fourier Transform Spectrometer (FFTS) with 500 MHz
bandwidth. The data were taken under good weather conditions,
with 1.5 mm of precipitable water vapour. The beam switching
mode has been used with a chop throw of 240 arcsec. The main
beam efficiency was determined from total power observations of
Mars. The system temperature was about 3500 K during the run.
The single sideband continuum temperature (~2.2 K) was added to
the final baseline-subtracted spectrum.

Three additional HDO transitions at 81 GHz (1, 0—1,), 226 GHz
(312-22.1), and 242 GHz (2,12, ») as well as the ortho-H®O tran-
sition at 203 GHz (3, 3-2,,) were observed with the IRAM 30-m
telescope. The observations were carried out in 2011 December us-
ing the FFTS at a 50 kHz resolution. The spectral resolution was
0.19, 0.07, and 0.06 kms~! for the 81, 226, and 242 GHz transi-
tions, respectively. All the observations were performed using the
Wobbler Switching mode. The 30 m beam sizes at the observing
frequencies are given in Table 1. During this run, weather condi-
tions were good for winter, with 2 mm of precipitable water vapour.
System temperatures were always less than 200 K.

Fig. 1 presents the energy level diagram of the HDO transitions
used for the modelling. Table 1 summarizes the observations.

3.2 Description of the observations

Most of the observed HDO lines show a Gaussian-like profile (see
e.g. Fig. 4). Only the HDO 1, ;-0 fundamental transition observed
with Herschel/HIFI shows an inverse P-Cygni profile, i.e. a profile

MNRAS 445, 1299-1313 (2014)
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Figure 1. Energy level diagram of the HDO lines. Green solid arrows: the
IRAM 30-m observations; blue short dashed arrows: the PRISMAS/HIFI
observations; red long dashed arrows: the Open Time HIFI observations;
magenta dotted arrow: the CSO observation. The frequencies are given in
GHz.

showing a redshifted absorption component and a blueshifted emis-
sion component. A similar profile has already been observed for
this transition in low-mass protostars (Coutens et al. 2012, 2013b).
The Gaussian full width at half-maximum (FWHM) was derived
for each line with the cassis® software (see Table 1). Using the
available spectroscopic data bases Cologne Database Molecular
Spectroscopy (CDMS; Miiller et al. 2001, 2005) and Jet Propul-
sion Laboratory (JPL; Pickett et al. 1998), we also checked that
the different lines are not contaminated by other species. The HDO
2y,1-2, transition at 242 GHz could be slightly blended with the
CH;3;COCH; 1394—1293 line. However a simple LTE modelling
of CH3COCHj3 lines observed in the spectra shows that the con-
tribution of CH3COCH; is negligible. With a column density of
4 x 10' cm~2, an excitation temperature of 100 K, a FWHM of
6 kms~', and a source size of 1.7 arcsec, the predicted intensity
of the CH3COCHj3; line at 241.6 GHz is 0.06 K, to be compared
with the observed line intensity 1.75 K. The HDO 2,,-1;, line
at 849 GHz is very probably blended with three '*CH;OH lines
(183,15—173 14 A—, 18414—1743 A+, and 184,5-17414 A—) lying
in the redshifted portion of the line profile. This could explain why
this line is broader than the others (see Table 1). As the '’CH;0H
contribution could be non-negligible, we do not use this HDO line
to constrain the abundances. We present however the modelling of
this line for completeness. The other HDO lines do not show any
potential blending. The portion of the 600 GHz line observed at
v > 72 kms~! is produced by the CH;0H 73 56,4 v = 0 A+ line
from the image band (v = 590.3 GHz).

The para-Hégo 313—22 lineis blended with the CH;0CH3 35 ; |-
22.1,1 and 33.(].3—22,1,3 transitions at 203.4101 and 203.4114 GHz
(Ey, = 18 K). We can reproduce, with a LTE modelling approach,
the CH30CHj; lines observed nearby in the spectra (see Fig. 2)
as well as in the other bands. The CH3;OCHj3; lines are well fitted
with a column density of 7 x 10'7 cm~2, an excitation temperature
of 100 K, a FWHM of 6 kms™!, and a source size of 1.7 arcsec.

2 http://cassis.irap.omp.eu
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Figure 2. IRAM 30-m observations (in black) of the para—HégO 313220
transition at 203.4 GHz. The frequency of the H?O line is indicated by a
blue dotted line (v = 58 km s~1). The other lines observed in this spectra are
the SO, v =012¢,12—111,1 line at 81.5 km g1 (green long dashed line), the
CoHsCN v = 0237 2-225 5 line at 74.1 km s7! (yellow short dashed line),
and several CH3OCH3 lines (magenta solid lines). A LTE modelling of the
CH3OCHj3 lines (in magenta) was carried out to estimate the contamination
of the para-H%SO line by the CH30OCH3 33 1,1—22,1,1 transition.

The predicted line profiles of the CH; OCHj transitions blended with
H}30 are then subtracted from the observed line profile to extract the
proper H}30 spectrum. Because of the high number of CH;OCH3
lines considered in the analysis and the presence of CH;OCH3 lines
with similar upper energy levels (18 K) around the H}3O feature (see
Fig. 2), the uncertainty produced by this subtraction is negligible
with respect to the calibration uncertainty (<20 per cent).

4 RADIATIVE TRANSFER MODELLING

4.1 Rotational diagram analysis

A simple LTE modelling was first employed to estimate the
HDO/H,O ratio in the hot core. We plot in Fig. 3 the rotation
diagram (Goldsmith & Langer 1999) of the HDO lines shown in
Table 1. We exclude the fundamental transition at 894 GHz, which
shows absorption and probably probes colder regions outside of the
hot core. We take into account beam dilution and consider different
source sizes between 1 and 5 arcsec, as the exact size of the hot
core is unknown. Indeed, the structure determined by van der Tak
et al. (2013) predicts a size of 4.5 arcsec for 7' > 100 K, whereas the
interferometric observations of two HDO lines by Liu et al. (2013b)
favour a smaller source size which, however, is not well constrained.
No linear curve is in reasonable agreement with the complete data
set. Plausible explanations are that the lines are optically thick or that
they do not all have the same excitation temperature. We estimate
the critical densities of these species using the HDO collisional co-
efficients with ortho- and para-H, of Faure et al. (2012). At ~100 K,
the critical densities are about 5 x 10°~5 x 107 cm™3 for all lines,
except for the lines at 80, 226, and 242 GHz that have critical den-
sities between 3 x 10* and 3 x 10° cm™>. These latter lines are
at low frequencies, so that their radiative decay is slower. They
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Figure 3. Rotational diagram of the HDO lines. The fundamental line at
894 GHz is excluded from the figure. A source size of 4 arcsec is as-
sumed. The error bars correspond to uncertainties of 20 percent. A linear
fit was made using only the lines with low critical densities (81, 226, and
242 GHz, indicated by red triangles) to estimate the HDO column density
(~ 1.6 x 10'° cm™2) and the excitation temperature (~79 K) in the hot core
(see text).

are consequently probably in LTE, as the density in the hot core is
expected to be >10° cm™3 (van der Tak et al. 2013). In addition,
these three lines are also those with the expected lowest opacities.
We consequently fit a straight line to these three points only. The
column density and the excitation temperature of HDO were then
estimated for different values of the source size (1-5 arcsec). To de-
rive the HDO/H, O ratio, we used the H}30 3, 3-2, ; line observed at
203 GHz with IRAM. Indeed this line is quite excited and its critical
density is relatively low, about 103 cm—>. Using the same excitation
temperature as HDO, we calculated the column density of Hi*O in
the hot core and derived an estimate of the HDO/H, O ratio between
5.2 x 107 and 5.7 x 10~*. The HI*O/H}30 ratio is assumed to be
400 following the relation determined by Wilson (1999) between
the '°0/'30 isotopic ratio and the distance of the source from the
Galactic centre. The derived HDO/H,O ratio is consistent with the
previous estimates by Jacq et al. (1990, 4 x 10~*) and Liu et al.
(2013b, 3.0 x 107*), who assumed an H}*O/H}®O ratio equal to
500. It is also slightly greater than the estimate by Gensheimer et al.
(1996, 1.1 x 1074).

4.2 Non-LTE spherical modelling

4.2.1 Model description

Only three HDO lines (among 10) were used to estimate the
HDO/H,O ratio in the hot core with the rotational diagram analysis.
We consequently decided to employ non-LTE spherical modelling
(that also considers the line opacities) to include the information
provided by all the HDO lines (except the 848 GHz line that is
probably blended with '3CH;OH) and to determine the water deu-
terium fractionation in both the hot core and the colder part of
the envelope. We used the raTRAN code (Hogerheijde & van der
Tak 2000) that assumes spherical symmetry and takes into account
continuum emission and absorption by dust. To derive the HDO and
H!80 abundances, we used the temperature and H, density profiles
derived by van der Tak et al. (2013, section 4.1). This structure was
determined taking into account James Clerk Maxwell Telescope
(JCMT)/Submillimetre Common-User Bolometer Array (SCUBA)
and Photoconductor Array Camera and Spectrometer (PACS) data.

The radial velocity profile (v,) and the turbulence width (Doppler
b-parameter, db) have also to be provided in RATRAN. We describe
in Appendix B2 the method employed to constrain them and show
the final v, and db profiles used in the analysis. We find that in-
ward motions (v, ~ —3 km s~!) are present in the cold envelope,
while outward motions (v, ~ 4 km s~') take place in the inner
regions. The same type of velocity profile was found in SgrB2(M)
by Rolffs et al. (2010). The Doppler b-parameter appears lower in
the inner regions (db ~ 2.0 km s™') than in the outer regions (db ~
2.5 km s~ "), similarly to what was found by Caselli & Myers (1995)
and Herpin et al. (2012) in other high-mass sources. To reproduce
the continuum levels seen in the observations as best as possible,
we used the dust opacities from Ossenkopf & Henning (1994), with
thick ice mantles and a gas density of 10® cm™3. The dust opacities
used by van der Tak et al. (2013, thin ices mantles with gas density
of 10° cm™3) to derive the structure would not however differ too
much, as the predicted continuum is consistent with the observa-
tions to within 10-20 per cent uncertainties. The most recent HDO
and HESO collisional coefficients calculated with ortho- and para-H,
by Faure et al. (2012) and Daniel, Dubernet & Grosjean (2011), re-
spectively, were used. The ortho/para ratio of H; is assumed to be at
LTE in each cell of the envelope. It consequently varies from ~1072
in the coldest regions up to the equilibrium value of 3 in the warm
regions.

4.2.2 Modelling of the HDO lines with an abundance jump

Most of the studies of water and deuterated water in star-forming
regions (e.g. Ceccarelli et al. 2000; Parise et al. 2005; van der Tak
etal. 2006; Coutens et al. 2012; Herpin et al. 2012) assume an abun-
dance jump at 7; = 100 K, corresponding to the temperature at which
the water molecules are supposed to be released in the gas phase by
thermal desorption. In a first step, we consequently assumed such
an abundance jump for the modelling of the HDO lines. According
to the physical structure used here (van der Tak et al. 2013), the
source size corresponding to 7 > 100 K is ~4.5 arcsec (diameter).
We ran a grid of models with various inner (7 > 100 K) and outer
(T < 100 K) abundances and realized that, regardless of the velocity
profiles, the intensities of the different lines cannot be reproduced
simultaneously (see Fig. 4). Indeed, when the excited transitions ob-
served at 225 and 241 GHz with IRAM are reproduced, the fluxes of
the CSO and HIFI lines are overproduced, in particular at 491, 600,
849, and 919 GHz (red dashed model in Fig. 4). On the contrary, if
these latter lines are reproduced, the flux is underpredicted for the
IRAM lines (green dotted model in Fig. 4). Although the choice of
the velocity profiles can affect the line profiles, it is not possible to
appreciably modify the intensities and decrease this disagreement.

To obtain an agreement for all the transitions, an increase of the
jump temperature is necessary. Indeed, Fig. B4 shows that, with a
jump temperature of 120 K, the model that reproduces the fluxes of
the most excited HDO lines (226 and 242 GHz) is in better agree-
ment with the fluxes of the lines at 491, 600, 849, and 919 GHz
than the model with a jump at 7; = 100 K. The fluxes of these four
lines are, however, still overproduced. Consequently, we ran grid of
models for higher jump temperatures (150, 180, 200, and 220 K)
and compared the influence of the jump temperature on the line
intensities. The best-fitting predictions obtained for T; = 150, 180,
200, and 220 K are shown in Figs B5, B6, 5, and B7, respectively.
These four models reproduce relatively well the observations. The
491, 600, 849, and 919 GHz lines are quite sensitive to the jump
temperature. Their intensities decrease with the increase of 7j. In
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Table 2. HDO and H>O abundances obtained for different jump temperatures 7j.

T;(K)¢ 6 (arcsec)®  Xin(HDO)  Xou(HDO)  Xin(H0)  Xou(HEO)  Xin(H20)  Xow(H20)Y*  (HDO/H,0),,  (HDO/H,0)},
100¢ 45 - - - - - - - -

120¢ 3.5 - - - - - - - -

150 2.5 1 x 1077 8 x 107! 4% 1077 13x1071%  16x10* 52x10°8 6x 1074 1.5 x 1073
180 1.9 1.5x 1077  8x 1071 7 x 1077 13x10710 28x10™* 52x10°8 5x 1074 1.5 x 1073
2004 1.7 2x 1077 8 x 107! 9x1077 13x10710 36x107* 52x10°8 6 x 10~ 1.5 x 1073
220 1.5 3x 1077 8x 10711 12x107° 13x10710 48x10* 52x1078 6x107* 1.5 x 1073

Note: “Size of the region where the temperature is higher than 7; (diameter). It is derived from the structure determined by van der Tak et al. (2013).

b Assuming Hif’ O/H;XO = 400.
“Fit is not good enough to determine the HDO abundances.
4Best fit.

particular, for 7; = 150 and 180 K, their intensities are slightly
overpredicted, while for 7; > 220 K, they start to be underpre-
dicted. In view of these results, the best-fitting model is obtained
for T; ~ 200 K. Table 2 summarizes the HDO best-fitting abun-
dances found for each jump temperature and the corresponding size
of the jump abundance. The best fit was determined with a x> min-
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imization of the line profiles similar to what was done in Coutens
et al. (2012), assuming a calibration uncertainty of 20 per cent for
each line. As the HDO line at 849 GHz is probably blended with
13CH;0H, we did not include it in the calculation. The reduced
x? obtained for the model with an abundance jump at 200 K is
1.3. The HDO inner abundance is strongly constrained by the high


http://mnras.oxfordjournals.org/

Water deuterium fractionation in G34.26+0.15

number of emission lines used in the analysis. If we just consider
the grid with 7; = 200 K, its value is between 1.7 x 1077 and
2.1 x 1077. Consequently, the main uncertainty on the HDO inner
abundance comes from the value assumed for the jump temperature
(~1x 10773 x 1077 for T; ~ 150-220 K). The outer abundance is
mainly constrained by the absorbing component at 894 GHz and its
uncertainty is found to be between 6 x 107! and 9 x 107!, The
HDO 1,91, line at 81 GHz is not reproduced by any of the mod-
els within the 20 per cent calibration uncertainty and could maybe
suffer of calibration problems at this low frequency with the IRAM
30-m telescope. Models with a two-jump abundance profile such as
in Comito et al. (2010) were also attempted but do not improve the
fit (see Appendix B3).

It clearly appears that, to reproduce the HDO line profiles, an
increase of the jump temperature in the model is necessary. We can-
not conclude, however, that the sublimation temperature for water
ice is significantly higher than 100 K. Although some experiments
actually favour an evaporation temperature of 110-120 K (Fraser
et al. 2001), it is not sufficient to perfectly reproduce all the HDO
transitions. The main reason for the modification of the jump tem-
perature would be related to the size of the hot core, rather than
to the water sublimation temperature itself. In this case, the size of
the hot core in which the abundance of water increases after the
evaporation of the icy mantles should be smaller (~2 arcsec instead
of 4.5 arcsec), in order to lead to a better agreement between the
model and the observations. This is also in agreement with the in-
terferometric observations of the HDO lines at 225 and 241 GHz by
Liu et al. (2013b) that are not spatially resolved with a beam size of
3.7 x 2.5 arcsec®. Two explanations can be provided to explain the
smaller size of the hot core. One would be that the physical structure
derived by van der Tak et al. (2013) is unreliable at small scales. In-
deed the structure determined here is only based on large-scale maps
and the density profile is assumed to follow a power law. The density
and temperature profiles could therefore be uncertain at small scales
(@ < 5 arcsec). In this case, the temperature actually would reach
100 K at a radius which is smaller than what the physical structure
predicts (van der Tak et al. 2013). The second possible explana-
tion is provided by the chemical models coupled with a dynamical
approach, where the dynamical time-scales can be in competition
with the chemical and adsorption/desorption time-scales. Indeed,
as it can be seen e.g. in Aikawa et al. (2012) and Wakelam et al.
(2014), the abundance increases gradually for a certain temperature
range before a constant inner abundance is reached. The temper-
ature where the inner abundance is constant is higher than 100 K
but its exact value is dependent on the model parameters. It seems
therefore possible that the constant inner abundance can be reached
only at ~200 K. Some tests assuming a gradual abundance increase
were attempted in Section 4.2.5 and this explanation seems to hold
here.
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4.2.3 Modelling of the H}3 O lines with an abundance jump and
estimate of the HDO/H, O ratios

A similar model with an abundance jump was carried out with the
H!30 lines detected in this source to determine the HDO/H,O ra-
tio throughout the envelope. The HIO transitions detected with
the HIFI instrument by Flagey et al. (2013) are not well suited to
measure abundances, because of their large opacities. With its exci-
tation level, the para-H130 3, 3-2, ¢ transition observed at 203 GHz
with the IRAM 30-m telescope is suitable to probe the hot core and
derive the HDO/H,O ratio in the warm inner region. The H}3O fun-
damental lines previously detected with Herschel/HIFI by Flagey
et al. (2013) are also used to constrain the HDO/H, O ratio in the en-
velope, as these lines combine both emission and absorption. Note
that we only use here the ortho 1, ¢—1¢; transition at 548 GHz and
the para 1, ;-0 transition at 1102 GHz. The fundamental ortho
2121y, transition, which is observed at 1656 GHz in absorption,
was not taken into account because of pointing problems affecting
the observations. The source being fairly peaked on the continuum,
an offset could lead to a significant loss of flux.

All the physical parameters are kept similar to those of the study
of HDO. Figs B8, B9, 6, and B10 show the best-fitting models
obtained for these three lines for the jump temperatures previously
assumed for deuterated water, 7; = 150, 180, 200, and 220 K,
respectively. We assumed an ortho-to-para ratio of water equal to 3,
corresponding to the thermal equilibrium value at high temperature
(>50 K). This value is also consistent with the ratio determined in
most of the foreground clouds on the line of sight towards bright
continuum sources (Lis et al. 2010; Flagey et al. 2013). The best-
fitting inner and outer H*0 abundances are summarized in Table 2.
The reduced x? is about 1.5 for the case T; = 200 K. Assuming
an observational uncertainty of 20 percent for the excited para-
H130 line at 203 GHz, the inner abundance cannot be higher than
1.2 x 1078 or lower than 7 x 10~7 for the model with 7; = 200 K.
The outer abundance is estimated to be between 1.0 x 107!% and
1.5 x 107'°, based on an observational uncertainty of 20 per cent for
the absorbing component of the para-H1®O transition at 1102 GHz.
The H1®0 abundances in Table 2 are estimated using an HI°0O/H}*0O
ratio of 400 (Wilson 1999).

The best-fitting HDO/H, O ratios are then equal to ~(5-6) x 10~*
in the hot core and ~1.5 x 1073 in the outer envelope. Even when
considering the HDO and H1®O results with a 20 per cent calibration
uncertainty, the outer HDO/H, O ratio (1.0 x 1073-2.2 x 1073) is
still higher than the inner HDO/H,O ratio (3.5 x 1074-7.5 x 107*
for T; = 200 K). We ran models with a constant ortho/para H,
ratio equal to 3 to check that the ortho/para H, ratio assumed in the
model does not affect the results. The HDO and H}®O line profiles
are exactly the same as with an LTE ortho/para ratio, confirming the
variation of the HDO/H,O ratio from the cold to the warm regions.
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Figure 6. Black solid line: HéSO lines observed with HIFI and IRAM. Red dashed line: modelling for a jump temperature 7j = 200 K, an inner abundance

Xin =9 x 1077, and an outer abundance Xy = 1.3 x 10710,
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4.2.4 Gradual decrease of the outer abundance from the cold to
the warm regions

Although we used a constant abundance of HDO and H!®O in
the cold envelope of G34, it is very probable that the water abun-
dance shows variations in this region due to non-thermal desorption
mechanisms. In particular, Mottram et al. (2013) showed that the
desorption by the cosmic ray-induced UV field leads to an outer
abundance of water decreasing gradually from the cold to the warm
regions of low-mass protostars. To confirm that the presence of a
gradual abundance decrease in the cold envelope does not affect the
derived value of the HDO/H,O ratio in this region, we ran a mod-
elling considering an equilibrium state between the desorption by
the cosmic ray-induced UV field and the re-depletion on the grains.
Using similar equations to those in Hollenbach et al. (2009) and
Mottram et al. (2013), we get by equating desorption to depletion:

Gch(J Yxfs.xngragr = ”(X)ngragrvth,x’ (4)

with Fy the local interstellar flux of 6-13.6 eV photons assumed
to be equal to 10® photons ecm2 57!, G, the scaling factor of the
UV flux, Y the photodesorption yield for the molecule x (~1073
for H,O; Oberg et al. 2009), f; x the fraction of the molecule x on
grains, ng, the grain density, o ,, the cross-sectional area of the grain,
and vy the thermal velocity. The thermal velocity is calculated
according to the following formalism:

8kp Tk

,
Ty

Uth,x = (5 )
where kg is the Boltzmann constant, 7y the gas temperature, and
my the mass of the molecule x. The outer abundance of H,O with
respect to H; is then equal to

G FoYu,o fs
Xou(H20) = M7 ©
Uth,H,01H,
with ny, the H, density. Similarly we obtain for HDO:
GCTF Y S HDO
Xou(HDO) = 0Yupo fs.H,0 ( ) | o
Uth HDO/TH, H,O
and for HA®O:
G FoYys f,H o HISO
Xnm(H;RO) = i H,"0Js.th ( B ) . ©
U, 11807 H, H,O

The photodesorption yields for HDO and H?O are assumed sim-
ilar to those for H,O (Oberg et al. 2009). The thermal velocity is
approximatively the same due to their relatively similar masses.
All the other parameters are independent of the molecules except
the fraction f; x of these molecules contained in the grain mantles
which reflects the isotopic ratios, HDO/H,O and H;SO/Hé(’O, on
the grains. The external UV field should also affect the external
part of the outer envelope. But, due to the very small constraints on
these different mechanisms, we only considered the desorption by
the cosmic ray-induced UV field.

We ran a grid of models for the case 7; = 200 K, keep-
ing the inner abundances determined previously (X;,(HDO) =
2 x 1077 and X,(H*O) = 9 x 1077). Different values
were then assumed for the factors Wypo = G fs,n,0HDO/H,O
and Wyiso = Ge fsi,0H;°0/H,°O. Assuming H;*O/H,°0 = 400
(Wilson 1999) and f; n,0 = 1 (the icy grain mantles are constituted
entirely of H,0), the best-fitting model of the H®O lines gives
a scaling factor G, of about 1.6 x 1073, If water represents only
50 per cent of the grain mantles, G, is then equal to 3.2 x 1073 lead-

ing to a cosmic ray-induced UV field of ~3 x 10° photonscm 25",
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Figure 7. Best-fitting abundance profiles obtained for HDO when the outer
abundance (region at 7 < 200 K) is constant (black solid line, Section 4.2.2),
when it decreases from the cold regions to the region at 7 = 200 K (red
dashed line, Section 4.2.4), and when it decreases from the cold regions
to the region at 7 = 100 K and increases from 7' = 100 to 200 K (green
dotted line, see Section 4.2.5). The temperature reaches 200 K at a radius of
2700 au (~0.9 arcsec, see Fig. B1).

These values represent, however, only upper limits, since the desorp-
tion by the external UV field is not taken into account in the analysis.
The typical value of the cosmic ray-induced UV flux (G, ~ 1074
e.g. Prasad & Tarafdar 1983; Shen et al. 2004) is then consistent
with the upper limit derived here (G, <3 x 1073).

The best-fitting abundance profile determined for HDO when the
outer abundance decreases from the cold to the warm regions is pre-
sented in Fig. 7 (red dashed line). The HDO/H,O ratio in the outer
envelope is equal to 1.3 x 1073, It is then, once again, higher than
in the hot core (~(5-6) x 10™*). The HDO and H}*O line profiles
predicted with the RATRAN code (see red dashed lines in Figs 8 and 9)
are relatively similar to those in Figs 5 and 6 that assume a two-
step abundance profile with a jump at 200 K. The fit is even better
for the H*O and HDO fundamental transitions (HDO: 894 GHz;
H1%0: 548 and 1102 GHz), as the predicted intensity of their emis-
sion is now in agreement with the observations. Some of the HDO
lines (509, 600, and 919 GHz) show small self-absorptions on their
blueshifted side. However, these defects could probably disappear
with slightly different velocity profiles. Indeed, the velocity profiles
used here were only adapted for the models with the abundance
jumps (see Appendix B2).

4.2.5 Gradual increase of the water abundance profile at the cold
envelope/hot core transition

In Section 4.2.2, we mentioned that a model with a gradual increase
of the HDO abundance at the cold envelope/hot core transition
could potentially explain why we need a higher jump temperature
than 100 K to reproduce the HDO line profiles. Here we show the
results obtained with both a decrease of the outer abundance from
the outermost regions to the regions at 100 K and a gradual increase
from 100 to 200 K. This type of profile is then relatively similar
to the predictions of chemical models coupled with a dynamical
approach (Aikawaetal. 2012; Wakelam et al. 2014). The HDO inner
abundance is equal to 2 x 1077 and the outer abundance follows the
trend described in Section 4.2.4. The abundance profile used and
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Figure 8. Black solid line: HDO lines observed with HIFI, IRAM, and CSO. Red dashed line: modelling for a constant inner abundance Xij, = 2 x 1077
(T > 200 K) and an outer abundance (7" < 200 K) decreasing from the cold to the warm regions (see Section 4.2.4). Green dotted line: modelling for a constant
inner abundance Xi, = 2 x 1077 (T' > 200 K), an abundance gradually increasing from 100 to 200 K, and an outer abundance (7' < 100 K) decreasing from
the cold to the warm regions (see Section 4.2.5).
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Figure 9. Black solid line: HéSO lines observed with HIFI and IRAM. Red dashed line: modelling for a constant inner abundance Xj, = 9 x 1077
(T > 200 K) and an outer abundance (7 < 200 K) decreasing from the cold to the warm regions (see Section 4.2.4). Green dotted line: modelling for a constant
inner abundance Xi, = 9 x 10~7 (7' > 200 K), an abundance gradually increasing from 100 to 200 K, and an outer abundance (7' < 100 K) decreasing from
the cold to the warm regions (see Section 4.2.5).

the result of the model for HDO are shown in Figs 7 and 8 (green 4.3 Comparison with previous studies
dotted line), respectively. This model also appears very similar to
the model with an abundance jump at 200 K (see Fig. 5). A model
with both an abundance decrease (with temperature) in the colder
envelope and an increase of the abundance towards the hot core
is probably more realistic than the jump abundance assumption
and could explain why the hot core is smaller than expected. It
is, however, important to note that the temperature range of the
gradual abundance increase is not known. We assume here the
range 100-200 K but it could be slightly different and a specific
range is probably dependent on the dynamics. The result of this
modelling should thus be considered only qualitatively. We can
however conclude that this type of abundance profile allows us to
reproduce the HDO line profiles as well as the abundance jump
models at ~150-220 K.

We ran a similar model for the H}*O lines. The model (presented
in Section 4.2.5) with a gradual increase of the abundance at the
cold envelope/hot core transition is presented in Fig. 9 (green dashed
lines). The lines are here again reproduced as well as by the jump
abundance models. The HDO/H,O ratio shows consequently the
same variation between the inner and outer regions as found before,
ie 5.6 x10*atT>200Kand 1.3 x 1073 at T < 100 K.

The singly deuterated form of water has been studied towards many
high-mass hot cores with ground-based telescopes (Jacq et al. 1990;
Gensheimer et al. 1996; Pardo et al. 2001; van der Tak et al. 2006).
These studies are relevant for the hot core study but do not directly
address for the cold external envelope, since the observations of
the ground HDO transition at 894 GHz with a very good signal-
to-noise ratio are necessary in order to disentangle the contribution
from the hot core to the contribution of the cold envelope. The
launch of the Herschel Space Observatory dramatically changed
the situation, with the access to the high frequency range with
many HDO transitions available in addition to the ground-state
transition. The D/H ratio in water remained for a long time very
poorly known since the study of water was based on observations
suffering from dilution in the large beams of the ISO, SWAS and
the Odin satellite as well as from large opacities. The only way
to study water from the ground was to use the H}3O transition
available with some telescopes at 203 GHz (Jacq et al. 1988; van
der Tak et al. 2006; Jgrgensen & van Dishoeck 2010; Persson,
Jgrgensen & van Dishoeck 2012; Persson et al. 2013). With the
help of this line, the water deuterium fractionation was previously
estimated in the high-mass star-forming region G34 by Jacq et al.
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(1990), Gensheimer et al. (1996), and Liu et al. (2013b). They
found, in its hot core, HDO/H,O ratios ranging between 1 x 10~*
and 4 x 107, Since our modelling in the hot core region is mostly
dominated by the 81, 226, and 241 GHz transitions accessible from
the ground, these values are relatively consistent with our estimate
of (5-6) x 10~ both with the rotational diagram approach and the
non-LTE 1D analysis. Note that we assumed an H*O/H.®O ratio
of 400, whereas the previous studies assumed 500. In addition, the
HDO/H,O ratio found in this hot core is consistent with the average
HDO/H,O0 ratio (a few 10~*) found in other high-mass sources
(Jacq et al. 1990; Gensheimer et al. 1996; Pardo et al. 2001; van der
Tak et al. 2006; Emprechtinger et al. 2013).

In the hot core, we also determined the water abundance (relative
to H,) to be a few x 107*. Similar values were estimated in other
high-mass hot cores (Chavarria et al. 2010; Herpin et al. 2012; Neill
et al. 2013), although lower values were also found, for example,
in NGC 6334 1 (~10~%; Emprechtinger et al. 2013). The value of
10~ is comparable to the observed abundance of solid water and
together with the derived HDO/H, O abundance ratios of 1074-1073
suggests that the origin of the observed water is evaporation of grain
mantles.

Recently, Liu et al. (2013b) also attempted to constrain the D/H
ratio for water in the outer envelope of G34 using the 894 GHz
transition observed from the ground with the Atacama Pathfinder
Experiment (APEX). From a RATRAN modelling using an abundance
jump profile at 100 K, they failed to reproduce the profile of this
ground state transition leading to a very uncertain value for the
D/H ratio in the outer region of the envelope of (1.9-4.9) x 107,
With the sensitivity of Herschel/HIFI observations of the 894 GHz
transition, it became possible to measure accurately the D/H ratio
of water in low- (Coutens et al. 2012, 2013b) and high-mass pro-
tostars, from the hot core region to the cold external envelope. We
showed here that, with a value of (1.0-2.2) x 1073 in the colder
envelope, the HDO/H, O ratio is indeed higher than the estimate by
Liu et al. (2013b). It is also higher than in the hot core. A similar
behaviour was discovered in the low-mass sources IRAS 16293 and
NGC 1333 IRAS 4A (Coutens et al. 2013a,b). But this is the first
time that a radial variation of the D/H ratio has been observed to-
wards a high-mass star-forming region. The HDO/H, O ratio derived
in the colder envelope of G34 is among the highest values found
in high-mass sources. It is close to the high value of (2-4) x 103
found in Orion KL (Persson et al. 2007; Neill et al. 2013) but lower
by more than a factor of 10 than in the absorbing layer of low-mass
protostars (Coutens et al. 2012, 2013b).

5 CHEMICAL MODELLING

In order to study the chemical pathways that could lead to the
observed HDO and H,O abundances and their corresponding ratio,
we modelled the chemical evolution of the source as a function of its
radius, using the full gas—grain chemical model NauTiLUS (Hersant
et al. 2009).

5.1 Model

NAUTILUS is a gas—grain chemical code adapted from the original
code developed by the Herbst group (Hasegawa & Herbst 1993).
It solves the kinetic equations of gas phase chemistry, takes into
account grain surface chemistry, and interactions between both
phases (adsorption, thermal, and non-thermal desorption). The rate
equations follow Hasegawa, Herbst & Leung (1992) and Caselli,
Hasegawa & Herbst (1998). More details on the processes included
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in the code are presented by Semenov et al. (2010). The chemical
network is adapted from Aikawa et al. (2012) and Furuya et al.
(2012). As pointed out by Pagani, Salez & Wannier (1992), Flower,
Pineau des Foréts & Walmsley (2004, 2006a,b), Walmsley, Flower
& Pineau des Foréts (2004), and Pagani et al. (2009), consider-
ing ortho and para spin modifications of various H and D bearing
species is important due to some reactions which are much faster
with ortho-H, than para-H,, and can change the entire chemistry
of deuterium fractionation. Thus, we extended the network includ-
ing the ortho, para, and meta states of H,, D,, HY, H,D*, D,H™,
and Df. For the reactions involving these species, we have ap-
plied spin selection rules to know which reactions are allowed, and
have determined branching ratios assuming a total scrambling and
a pure nuclear spin statistical weight. Some of the rate coefficients
of these reactions have been theoretically or experimentally de-
termined (Marquette, Rebrion & Rowe 1988; Jensen et al. 2000;
McCall et al. 2004; Dos Santos, Kokoouline & Greene 2007; Hugo,
Asvany & Schlemmer 2009; Honvault et al. 2011a, 201 1b; Dislaire
et al. 2012) and for these we used the calculated or measured val-
ues. We have benchmarked our model against some previous work
that includes spin-state chemistry, using the same conditions as de-
scribed in fig. 8 of Pagani et al. (2009) and fig. 4 of Sipila, Caselli
& Harju (2013): a temperature of ~10 K and a density from ~10°
to ~10° cm™3. Minor differences in abundances do exist, since
the networks, the models, and the input parameters can be slightly
different, but the result is globally similar. A notable difference is
however seen for HD after 10° yr as compared with Sipili et al.
(2013). They predict a decrease of its gas phase abundance by one
order of magnitude at 10° yr. Under the same conditions, we predict
a decrease in the gas phase HD abundance of only a factor of X2,
similar to the model of Albertsson et al. (2013, 2014, private com-
munication). The inclusion in our model of photodesorption and
reactive desorption may have some effect on HD depletion. Pho-
todesorption due to direct interstellar UV photons and secondary
photons generated by cosmic rays, as well as the exothermic as-
sociation between the surface species H and D, may both release
enough HD molecules to the gas phase to lower the HD depletion.
The network and a benchmark will be presented in more detail in a
forthcoming paper (Hincelin et al., in preparation).

In our model, elemental and initial abundances follow Hincelin
etal. (2011). Initially, the ortho-to-para H, ratio is set to its statisti-
cal value of 3, and deuterium is assumed to be entirely in HD form
with an abundance of 1.5 x 1073 relative to total hydrogen, follow-
ing Kong et al. (2013). Note that the time-scale for conversion to
a thermal ortho-to-para H, ratio is a few times 10° to a few times
10° yr at 10 K depending on the density, as in Pagani et al. (2009). In
the evolutionary sequence of high-mass star formation proposed by
Beuther et al. (2007) and Zinnecker & Yorke (2007), infrared dark
clouds (IRDCs) are expected to be the first stage. Comparing obser-
vations of high-mass star-forming regions with advanced gas—grain
chemical modelling, Gerner et al. (2014) derived a chemical age for
this stage of around 10* yr. The mean density and temperature of
IRDCs are, respectively, 10° cm™3 and 16 K (Sridharan et al. 2005).
From the initial elemental and chemical abundances, we have com-
puted the chemical evolution over a period of 10* yr, corresponding
to firpc in Fig. 10, with a temperature of 16 K, a proton density of
2 x 10° cm™?, and a visual extinction of 30. In our standard model,
we use a cosmic ray ionization rate of 1.3 x 1077 s~!, but also use
a value 10 times higher, as discussed in Section 5.2. Following this
first phase, we switched to a time-independent one-dimensional
physical structure of G34 derived by van der Tak et al. (2013)
as seen in Fig. B1, and allowed the time-dependent chemistry to
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Figure 10. Top and centre: calculated gas phase abundances of H,O and
HDO relative to the total density of protons. Grey areas show observational
values and uncertainties of H,O and HDO, observed in the hot inner core and
the colder envelope. Bottom: HDO/H,O gas phase abundance ratio. Grey
areas show observational values and uncertainties of HDO/H,O gas phase
abundance ratio observed in the hot inner core and the colder envelope (see
Sections 4.2.2 and 4.2.3 for information about uncertainties). Both abun-
dances are plotted as a function of the radius of the source. The results are
time dependent, and the colours and types of lines correspond to different
values after the first initial phase: black solid lines (1 = firpc + 1 yr), red dot-
ted lines (f = firpc + 103 yr), green short dashed lines ( = firpc + 10* yr),
blue dashed—dotted (one dot) lines (t = firpc + 10° yr), orange dashed—
dotted (three dots) lines (f = firpc + 1.8 x 10° yr), and purple long dashed
lines (f = firpc + 5.6 x 10° yr).

continue to evolve independently at each value of the radius of the
source.

5.2 Results

Fig. 10 shows the computed fractional abundances for gaseous HDO
and H,O relative to the total proton density and their ratio as a
function of the radius of the source, at different times following the
IRDC stage. The computed values can be compared with the values
that best fit the observations, as listed in Table 2. The observational
values are given for two points in the table, the inner hot core and
the colder envelope, but these values are represented as areas in the
figures with their height referring to uncertainty and their length to
the length of the inner and outer regions. Note that observational
results may not be constant as a function of radius, as shown for the
abundances in Sections 4.2.4 and 4.2.5.

During the IRDC phase, water, and HDO are present mainly on
the grain surfaces, with the water abundance ~10~*. Once we ap-
ply the physical profile of the source, the temperature in the inner
region, greater than ~100 K, is high enough to allow the rapid des-
orption of H,O and HDO, and a transition region is observed around
6 x 103 au, which corresponds to ~100 K. Beyond 6 x 10° au,
the reverse effect is observed: molecules are slowly adsorbed on
to grain surfaces depending on the radius, because the density of
the source is now higher than during the IRDC phase. The rate of
adsorption is directly proportional to the density, and since the den-
sity is higher for small radii, the gaseous molecules are adsorbed
more quickly closer to the transition region. This effect is clearly
seen at times of 10° yr and longer. While the gas phase water frac-
tional abundance predicted by the chemical model in the inner core
(radius < 5000 au) is almost constant, at 10~*~107 relative to the
total proton density, in the colder envelope, the water abundances
lie between a few x 10~7 and 10~ depending on the radius and the
time. This dependence also holds for HDO, which possesses an in-
ner core abundance between 1078 and 10~°, and an outer abundance
between a few x 10~° and 1072,

In addition to these gas—grain interactions, chemical reactions are
also occurring. In the inner core, gaseous water is mainly destroyed
by reactions with atomic hydrogen: H + H,O — OH + ortho-H,,
and H 4+ H,O — OH + para-H,. However, water is efficiently re-
formed by the reverse reactions, so its abundance does not change
significantly. In the same region, HDO is also mainly destroyed by
reactions with atomic hydrogen: H + HDO — OH + HD, H +
HDO — OD + ortho-H,, and H+ HDO — OD + para-H,.
Although HDO is also reformed by the reverse reactions, these
processes are sufficiently slower than the destruction reactions that
the HDO abundance decreases, with an efficiency depending on the
local temperature. This is indicated by the lines in the centre panel
of Fig. 10, particularly within a radius of 1000 au. Thus, we observe
a general decrease of the HDO/H,O ratio in the hot inner core as a
function of time.

In the colder envelope, at larger radii, the H,O gas phase abun-
dance is reduced due to adsorption, as discussed above, and ion—
molecule reactions, particularly the reaction with HCO™, which
forms H;O" and CO. Before t = tigpc + 10* yr, HCO* mainly
reacts with carbon atoms, and after this time, the carbon atom
abundance is low enough to allow an increase of the HCO™ abun-
dance through ion-molecule reactions involving CO. Although
HDO also reacts with HCO™, it is partially reformed by ion—
molecule reactions involving H,DO™, and dissociative recombina-
tion of H,DO™ with an electron. H,O is also reformed by reactions
involving H;O™, but not as efficiently as HDO. At later times, the
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abundances of HDO™ and H,DO™ are increased, while the ones of
H,O0" and H;O™ are decreased, so that the HDO/H,O abundance
ratio increases.

At 10* au, next to the transition region, the temperature and
density are, respectively, equal to 80 K and 10° cm™—>. Here, there is
a complex competition between the formation of HDO and H,0 in
the gas phase and the adsorption and desorption of these molecules.
For this reason, we get temporarily a peak in the HDO/H,O ratio
around 10* and 10° yr (respectively the green and blue peak). The
main gas phase reactions involved are the following: H;O" and
H,DO™ react with DCN, DNC, HCN, and HNC, which form HDO
and H,O. Besides, after 10* yr, H,CO plays also a role: it is slowly
released from the grain surface, and reacts efficiently with OH
and OD to form, respectively, H,O and HDO. However, at this
temperature and density, adsorption of HDO and H,O is still quite
efficient, and removes a part of these molecules from the gas phase.

If we compare the computed abundances of water and HDO with
the observational values, seen as grey areas in Fig. 10, the H,O
abundances are in good agreement in both the hot inner core and
the colder outer envelope. This also holds true for HDO in the colder
envelope; however, our model does not produce enough HDO in the
hot inner core at all times. Specifically, our values are 5-50 times
less than those indicated by the observations, depending on the
time and the radius. Given the low abundance of HDO in the hot
inner core, our calculated gaseous HDO/H,O ratio is lower than
the observed one throughout this region, while in the colder outer
envelope, our ratio lies within the range of the observational values
at selected times. Note that the observational abundances and ratio
may not be constant as a function of radius in the two regions, so
more constraints are necessary to compare with the model results.

The HDO abundance profiles in the cold outer region from
Fig. 10 favour the best-fitting abundance profile for water from
Fig. 7, which increases with radius in the cold envelope. A com-
parison between the HDO profiles of these two figures leads to
the best agreement around ¢ = firpc + 10° yr. This time corre-
sponds to the best-fitting chemical age of Gerner et al. (2014):
their high-mass protostellar object stage, the stage just after the
IRDC stage, lasts ~6 x 10* yr, and the following stage, the hot
molecular core stage, lasts ~4 x 10* yr, which give a total similar
to ours.

We have tested the sensitivity of H,O and HDO to the cosmic ray
ionization rate, using a value of 1.3 x 107'° s=!, which is 10 times
higher than the standard rate. This value is close to the upper limit
derived in this source (see Section 4.2.4). Cosmic rays are the main
source of ions in clouds, and formation and destruction of neutral
species involve mainly reactions with charged species. As a con-
sequence, most of the molecules are sensitive to the cosmic ray
ionization rate (Wakelam et al. 2010). Compared with our standard
model, in the cold envelope, the gas phase H,O abundance is de-
creased by one order of magnitude at early times after the IRDC
phase. Then, H,O is reformed quite efficiently so that the final
abundance is one order of magnitude higher than with our standard
model. In the same region, the HDO abundance is increased by a
factor of 10-100 depending on the time. The HDO/H,O ratio is
then enhanced, and higher than the observational value by a factor
of ~100 and <2, respectively, at early and later times. In the inner
core, the H,O abundance is slightly increased to a value >107* at
all times. The HDO abundance is more sensitive at early times to
the cosmic ionization rate: it is first increased by a factor of 100, but
then the value tends to decrease to the same one as in our standard
model. The HDO/H,O ratio is also enhanced, up to a factor of 100

MNRAS 445, 1299-1313 (2014)

at early times, but tends to decrease to the same value as in our
standard model. In the IRDC phase and the cold envelope, gaseous
H,O is mainly formed by reactions involving H;O" and destroyed
by reactions with HCO™ and C*, while H,DO™ is the main reac-
tant involved in the formation of HDO. In the inner hot core, the
abundances of H,O and HDO are mainly changed due to OH and
OD which are sensitive to the cosmic ray ionization rate (Wakelam
et al. 2010).

We have also tested the sensitivity of our modelling to the inclu-
sion of spin-state chemistry, and provide in Appendix C the results
of a simulation using our chemical network without considering
the spin states. Our main conclusion is that the gas phase HDO
abundance is not only sensitive to the inclusion of spin-state chem-
istry at low temperature, but also at high temperature, although the
difference is less strong. In addition, the H,O abundance is slightly
sensitive at longer times to the spin-state chemistry in the cold
envelope region, but not in the hot inner core region. The overall
ratio HDO/H, O decreases if we take into account spin-state chem-
istry, as it can be predicted based simply on the thermodynamics of
protonated ion—HD exchange reactions.

5.3 Comparison with other studies

Below we compare our results for water and HDO both in the gas
and on ice mantles with those of earlier studies. We first consider ice
mantles. Some of these studies include spin-state chemistry while
others do not.

Several groups theoretically studied deuteration of water in star-
forming regions (i.e. Cazaux, Caselli & Spaans 2011; Aikawa
et al. 2012; Sipila et al. 2013; Taquet et al. 2013; Taquet, Charnley
& Sipila 2014). These studies focus on low-mass star formation re-
gions or cold conditions, and as a consequence generally deal with
lower temperatures and densities than ours. However, considering
the external region of the cold envelope of our source, where the
conditions are the closest to these studies (30 K and 10° cm™3),
it is worth making some comparisons with our ice results. Our
HDO/H,O0 ice ratio in the cold envelope varies between 10~* and
1073 depending on the time. The larger the time, the larger the ratio.
We can compare our values to those in figs 11 and 12 in Sipila et al.
(2013) and fig. 8 in Taquet et al. (2013). These studies also include
spin-state chemistry. In general, we predict a lower HDO/H,O ice
ratio than these studies. Despite our slightly higher temperature,
and multiple differences between our models, the initial ortho-to-
para H, ratio may be the main reason, since a higher value tends
to decrease the deuterium fractionation. Cazaux et al. (2011) and
Aikawa et al. (2012), who did not consider the spin-state chem-
istry, predicted an HDO/H, O ice ratio of ~0.01, which then can be
considered as an upper limit.

Aikawa et al. (2012) and Taquet et al. (2014) studied the deutera-
tion of molecules as a function of the radius of a forming protostellar
core. Here we can compare calculated HDO/H, O ratios in the gas
phase. Their temperature and density gradient along the radius is
quite important, from ~10 K and ~10* cm~3 to several hundred
Kelvin and 10'? cm™3, close to the range of conditions of our source.
Note that these studies include a dynamical physical structure in-
stead of a static structure. Despite the differences between our model
and these earlier studies, we obtain the same qualitative pattern, in
which the gas phase water abundance is higher in the inner and
hot region, while it is lower in the outer and cold region. In the
outer region, the abundance is governed mainly by the density, and
as a consequence, tends to be lower when the density gets higher.
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Their HDO/H, O ratio changes by one to two orders of magnitude
between the cold region and the hot region, and is higher in the
colder region.

6 CONCLUSIONS

10 lines of HDO and three lines of HI*O covering a broad
range of upper energy levels (22-204 K) were detected with the
Herschel/HIFI instrument, the IRAM 30-m telescope, and the CSO
towards the high-mass star-forming region G34. Using a 1D non-
LTE radiative transfer code, we constrained the abundance distribu-
tion of HDO and H}®O throughout the envelope from the hot core
to the colder regions. To reproduce the HDO line profiles, it is nec-
essary to assume an abundance jump at a temperature higher than
100 K (~150-220 K), which suggests that the hot core is smaller
than expected. This could be explained by the fact that the water
abundance increases gradually within a certain temperature range
between the cold envelope and the hot core, as suggested by some
chemical models considering dynamics (Aikawa et al. 2012; Wake-
lam et al. 2014). Another explanation would be that the structure is
relatively uncertain at small scales. Similar studies (including ob-
servations of the HDO lines at 226 and 242 GHz, as well as some
HIFTI lines at 491, 600, or 919 GHz) should be carried out towards
other high-mass sources to know if this higher jump temperature is
specific to G34 or common to other objects. Using different types
of water abundance profiles, we showed that the water deuterium
fractionation in the hot core and in the colder envelope is strongly
constrained. Assuming calibration uncertainties of 20 per cent, the
HDO/H,O ratio is estimated to be about (3.5-7.5) x 10~* in the hot
core. It is in agreement with the value derived with the rotational
diagram analysis of the IRAM 30-m lines as well as with previous
studies (Jacq et al. 1990; Liu et al. 2013b). In the colder gas, we
determined the HDO/H,O ratio to be about (1.0-2.2) x 1073, in-
cluding the uncertainties. Although radial variations of the water
deuterium fractionation have already been observed in low-mass
protostars (Coutens et al. 2012, 2013a,b), this is the first time that a
decrease of the water deuterium fractionation in the warmer regions
has been measured in a high-mass star-forming region. Finally, we
modelled the chemical evolution of G34 as a function of its radius
and showed that our model reproduces relatively well the observa-
tional results that assumed an increase of the water abundance with
radius in the cold regions (see Figs 7 and 10). The comparison of
the chemical model and the observations favours an age of 10° yr
after the IRDC stage, which is consistent with the age derived for
hot molecular cores by Gerner et al. (2014).
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