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A B S T R A C T 

We present cross-sections and rate coefficients for rotational transitions in the water isotopologues D 2 O, H 

18 
2 O, and HDO 

induced by collisions with para-H 2 ( j 2 = 0) and ortho-H 2 ( j 2 = 1). Quantum scattering calculations are performed at the full 
close-coupling level with the isotopic variants of an accurate full-dimensional H 2 O −H 2 interaction potential. The D 2 O, H 

18 
2 O, 

and HDO cross-sections are compared to the corresponding cross-sections for H 2 O. Large isotopic effects are observed in the 
case of D 2 O and HDO, in particular for collisions with p-H 2 ( j 2 = 0), while the 18 O isotopic substitution is found to be negligible. 
Rate coefficients are provided for rotational transitions among all para-D 2 O, ortho-D 2 O, and HDO levels with internal energy 

below 300 cm 

−1 and for kinetic temperatures in the range 5–300 K. Non-LTE radiative transfer calculations show that the HDO 

225.9 GHz and H 

18 
2 O 203.4 GHz transitions recently detected with ALMA in the young proto-planetary disc V883 Ori should 

be inverted (weak masers) in a large fraction of the disc. 

Key words: astrochemistry – line: formation – masers – molecular data – molecular processes – scattering – . 
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 I N T RO D U C T I O N  

sotopologues are molecules that differ only in their isotopic com- 
osition. In the case of water, the main isotopologue is H 

16 
2 O

hereafter denoted as H 2 O). Stable rare isotopologues include the 
ater-hydrogen isotopologues HD 

16 O (denoted as HDO) and D 

16 
2 O 

denoted as D 2 O), the water-oxygen isotopologues H 

17 
2 O and H 

18 
2 O,

nd the multiply substituted isotopologues HD 

17 O, HD 

18 O, D 

17 
2 O, 

nd D 

18 
2 O. Among these nine stable isotopologues, H 2 O, HDO, D 2 O,

 

17 
2 O, and H 

18 
2 O were all identified in the interstellar medium (ISM)

see van Dishoeck et al. 2021 , and references therein). Very recently,
DO and H 

18 
2 O have been also detected in a young proto-planetary

isc (Tobin et al. 2023 ). 
Rare isotopologues are important for several reasons: first, from 

he observational point of view, the transitions of the main isotopo-
ogue of abundant molecules are often optically thick, which leads 
o difficulties both in deriving the column densities and in observing 
he inner part of astronomical sources. Secondly, the measurement 
f isotopic abundance ratios is a precious tool for the understanding 
f stellar nucleosynthesis, galactic chemical evolution, and isotopic 
ractionation processes. Third, the isotopic composition in the ISM, 
n protostars, and in proto-planetary discs can help to trace a possible
nterstellar heritage in Solar system materials, especially in comets. 
f particular importance in this context are the D/H isotopic ratios
hich can help to e v aluate e.g. the amount of water delivered by

steroids and comets to the Earth’s oceans (where D/H ∼10 −4 ).
 E-mail: alexandre.faure@univ-grenoble-alpes.fr 
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
rders of magnitude enrichments (with respect to the D/H solar 
alue of 1.9 × 10 −5 ) in deuterated molecules are indeed observed
n the ISM, in discs and in Solar system bodies (see Nomura
t al. 2023 ; Tobin et al. 2023 , and references therein). Oxygen
sotopic fractionation is also observed in these sources, but with 
maller variations with respect to the solar values 16 O/ 18 O ∼ 530
nd 16 O/ 17 O ∼ 2800. Finally, the increased sensitivity of radio and
illimetre telescopes allows the detection of an e ver gro wing number

f isotopologues in the ISM, including multiply substituted species. 
Water isotopologues can be observed in the (sub)millimetre 

nd infrared ranges, through rotational and ro-vibrational emis- 
ion/absorption lines. The translation of observed spectra to accurate 
olumn densities and isotopic ratios requires ho we ver access to both
pectroscopic and collisional data. Indeed, water molecules in the 
SM are generally not at local thermodynamical equilibrium (LTE) 
ecause of the low density of the interstellar gas, which is mainly
omposed by molecular hydrogen (H 2 ). As a result, the relative
ccupation of the water energy levels cannot be described by a single
excitation temperature’ 1 and the radiative transfer must be solved 
imultaneously with the statistical equilibrium equations. An accu- 
ate knowledge of rate coefficients for inelastic collisions between 
ater isotopologues and molecular hydrogen is thus necessary. 
An e xtensiv e set of rate coefficients for the rotational (de)e xcitation

f H 2 O by H 2 in the kinetic temperature range 5–1500 K have been
ublished by Daniel, Dubernet & Grosjean ( 2011 ). These include
 The excitation temperature of a transition is defined from the population 
atio of the upper and lower levels using the Boltzmann equation. 
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2 Equation (5) in Wiesenfeld et al. ( 2011 ) should read ˜ θ = 

arctan 
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x 2 p + y 2 p /z p . 
3 https:// spec.jpl.nasa.gov/ 
4 https:// cdms.astro.uni-koeln.de/ 
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he lowest 45 levels of both para- and ortho-H 2 O (hereafter denoted
s p-H 2 O and o-H 2 O) with angular momenta j 1 ≤ 11 and two
evels for both para-H 2 and ortho-H 2 with angular momenta j 2 =
, 2 and j 2 = 1, 3, respectively. Quantum calculations including
he coupling between rotation and bending of H 2 O have been also
btained recently (Stoecklin et al. 2019 ; Wiesenfeld 2021 , 2022 ), but
or limited sets of transitions and kinetic temperatures. For HDO and
 2 O, Faure et al. ( 2012 ) have published rotational rate coefficients for
inetic temperatures in the range 5–300 and 5–100 K, respectively.
hese include the lowest 30 levels of HDO for collisions with p-
 2 ( j 2 = 0) and o-H 2 ( j 2 = 1) and the six lowest levels of both p-D 2 O

nd o-D 2 O for collisions with p-H 2 ( j 2 = 0). In all the abo v e studies,
he full nine-dimensional potential energy surface (PES) computed
y Valiron et al. ( 2008 ) (hereafter denoted as V08) was employed.
inally, to the best of our knowledge, no collisional data exist for
 

17 
2 O and H 

18 
2 O. 

In this paper, we present extended and improved sets of rate
oefficients for the rotational (de)excitation of HDO and D 2 O by
-H 2 ( j 2 = 0) and o-H 2 ( j 2 = 1) (hereafter denoted as p-H 2 and
-H 2 , respectively) in the kinetic temperature range 5–300 K. In
ddition, oxygen isotopic effects are investigated for the first time
y computing cross-sections for the rotational excitation of H 

18 
2 O

y H 2 . In Section 2 , we briefly introduce the PES for the three
sotopic variants of H 2 O −H 2 interaction. In Section 3 , the quantum
cattering calculations are described, and Section 4 presents cross-
ections and rate coefficients for the three rare isotopologues. In
ection 5 , radiative transfer calculations are performed to illustrate
on-LTE effects, including weak maser action, in the 225.9 and
41.6 GHz lines of HDO and the 203.4 GHz line of H 

18 
2 O. A

onclusion is given in Section 5 . 

 POTENTIAL  E N E R G Y  SURFAC ES  

he V08 full nine-dimensional H 2 O −H 2 PES of Valiron et al. ( 2008 )
 as emplo yed in all scattering calculations presented next. This
ES was computed at the CCSD(T) level of theory and it was

hen calibrated by higher accuracy explicitly correlated CCSD(T)-
12 calculations. It has been checked against various experimental
ata including elastic integral cross-sections, state-to-state inelastic
ifferential cross-sections, pressure broadening cross-sections, and
nfrared spectra of the complex (see Drouin & Wiesenfeld 2012 ;
iemkiewicz et al. 2012 , and references therein). These comparisons
ave all confirmed the high quality of the PES. In addition, a
ecent experimental crossed-beam study was able to observe near-
hreshold resonances in rotational excitation cross-sections of H 2 O
nd D 2 O colliding with H 2 (Bergeat et al. 2020a , b , 2022 ). The
xcellent agreement with theory has certainly provided the most
ecisive test of the V08 PES. We note that two other full-dimensional
ES for H 2 O −H 2 have been published since 2008 (Homayoon
t al. 2015 ; Li et al. 2022 ). Both were obtained at the explicitly
orrelated CCSD(T)-F12a level of theory and they should be of
imilar accuracy than the V08 PES. In particular, the three global
inima are in good agreement, at ∼−240 cm 

−1 within a few cm 

−1 .
e note that the CCSD(T)-F12a calculations of Li et al. ( 2022 )
ere combined with MRCI-F12 calculations to provide, for the first

ime, a proper description of the hydrogen exchange and dissociation
hannels. 

The collisional excitation of a rare isotopologue takes place on
he same full-dimensional Born–Oppenheimer PES as the main
sotopologue. Excitation differences between isotopologues there-
ore reflect the dynamical (nuclear) effects. Within the rigid-rotor
pproximation, these involve small changes in (i) the centre-of-
NRAS 527, 3087–3093 (2024) 
ass position, (ii) the rotation of the principal axes of inertia (when
he symmetry of the main isotopologue is broken), (iii) the state-
veraged geometry (zero-point vibrational ef fects), (i v) the reduced
ass of the total system, and (v) the energy level spacings. In

ractice, the rigid-rotor PES for HDO −H 2 , D 2 O −H 2 , and H 

18 
2 O −H 2 

ere obtained from the full flexible V08 H 2 O −H 2 PES, but in the
rincipal inertia axes of the specific rare isotopologue. In addition,
he internal geometries (distances and angles) of HDO and D 2 O
ere fixed at their ground-state vibrationally averaged values using

he procedure explained in Scribano, Faure & Wiesenfeld ( 2010 ).
his was unnecessary for H 

18 
2 O since the 18 O substitution changes

he −OH distance by less than 1 per cent. 
The general transformation from the isotopologue body-fixed

rame to the original H 2 O body-fixed frame (where the full-
imensional H 2 O −H 2 PES is expressed) can be found in Wiesenfeld,
cribano & Faure ( 2011 ). As noted in Bergeat et al. ( 2020b ),
e found a small error in the numerical implementation of this

ransformation and the V08 PES routine was used to generate new
orrected PESs for HDO −H 2 and D 2 O −H 2 and the first PES for
 

18 
2 O −H 2 . The general coordinate system can be found in fig. 1
f Wiesenfeld et al. ( 2011 ). The water molecule lies in the xz
lane. The 18 O substitution maintains the C 2 symmetry z-axis but
hifts the centre of mass by δz = 0.0127 a 0 towards the 18 O atom.
imilarly, double deuteration of H 2 O shifts the centre of mass by
z = −0.0993 a 0 away from the 16 O atom. Finally, the single
euteration of H 2 O causes both a shift of the centre of mass by
x = 0.0761 a 0 and δz = −0.0522 a 0 and a rotation of the inertia
xes by an angle γ = −21 . 04 deg from the HDO to the H 2 O body-
xed frame. The interaction energies for the HDO −H 2 , D 2 O −H 2 ,
nd H 

18 
2 O −H 2 comple x es were obtained following the procedure of

iesenfeld et al. ( 2011 ), according to their Eqs. (3–6). 2 Grid points
escribing the angular coordinates of H 2 relative to the HDO, D 2 O,
nd H 

18 
2 O body-fixed frames were chosen via random sampling for

8 fixed intermolecular distances in the range 3–14 a 0 . Then, at each
ntermolecular distance, the interaction potential was least-squared
tted using the functional form employed by Valiron et al. ( 2008 ),
here full details about the fitting procedure can be found. The
nal expansions include 149 angular functions for H 

18 
2 O −H 2 and

 2 O −H 2 (the same functions as for H 2 O −H 2 ), and 175 angular
unctions for HDO −H 2 . 

 SCA  TTERI NG  C A L C U L A  T I O N S  

cattering calculations were performed at the quantum close-
oupling level by combining the MOLSCAT code (Hutson & Green
012 ) with the three isotopic variants of the H 2 O −H 2 PES described
bo v e. The isotopologues HDO, D 2 O, and H 

18 
2 O are asymmetric

ops with rotational constants taken as (in cm 

−1 ) A = 23.4140,
 = 9.10340, C = 6.40628 for HDO, A = 15.4200, B = 7.27299,
 = 4.84529 for D 2 O, and A = 27.5313, B = 14.5218, C =
.23809 for H 

18 
2 O. These values come from the JPL catalogue 3 

Pickett et al. 1998 ) for HDO and H 

18 
2 O and from the Cologne

atabase for Molecular Spectroscopy 4 (M ̈uller et al. 2005 ) for
 2 O. Centrifugal correction terms were found to be unnecessary

o reproduce experimental level energies up to 300 cm 

−1 to within
 cm 

−1 , which is appropriate at the investigated collisional energies

https://spec.jpl.nasa.gov/
https://cdms.astro.uni-koeln.de/
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Figure 1. Comparison between H 2 O and D 2 O excitation cross-sections 0 00 

→ 1 11 (upper panels) and 1 01 → 1 10 (lower panels) as a function of the 
collision energy. Colliders p-H 2 ( j 2 = 0) (left panels) and o-H 2 ( j 2 = 1) (right 
panels) are considered. 
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see below). 5 The rotational energy levels of the water isotopologues 
re labelled by three quantum numbers: the angular momentum j 1 
nd the pseudo-quantum numbers k a and k c , which correspond to the
rojection of j 1 along the principal inertia a and c axes. Owing to the
on-zero nuclear spins of the H ( I = 1/2) and D atoms ( I = 1), D 2 O
nd H 

18 
2 O present two spin modifications: para and ortho. The para-

orm corresponds to k a + k c odd (even) for D 2 O (H 

18 
2 O) and the ortho-

orm corresponds to k a + k c even (odd). Since the ortho and para
evels do not interconvert in inelastic collisions, they were treated 
eparately with MOLSCAT . For HDO, ortho/para modifications do 
ot apply and all HDO levels are collisionally connected. For H 2 , the
otational constant is taken as B 0 = 59.322 cm 

−1 , and the angular
omentum is denoted as j 2 . The collisional reduced mass (in amu)

s 1.82252 for HDO −H 2 , 1.83130 for D 2 O −H 2 , and 1.83123 for
 

18 
2 O −H 2 . 
The coupled differential scattering equations were solved using 

he log-deri v ati ve (for HDO) and hybrid modified log-deri v ati ve
iry (for D 2 O and H 

18 
2 O) propagators (Alexander & Manolopoulos 

987 ) with a step size kept lower than 0.1 a 0 . Other propagation
arameters were taken as the MOLSCAT default values. Cross- 
ections were calculated for total energies up to 2000 cm 

−1 for
DO −H 2 and D 2 O −H 2 , and up to 300 cm 

−1 for H 

18 
2 O −H 2 . For this

atter system, only test calculations were performed, as shown below. 
he energy step was varied between 0.25 cm 

−1 at low total energies
in order to account for the numerous resonances) and 100 cm 

−1 at
he highest total energies (abo v e 1000 cm 

−1 ). The HDO and D 2 O
asis sets incorporated angular momenta up to j 1 = 10 to ensure
hat inelastic cross-sections for all transitions among levels below 

00 cm 

−1 are converged to within ∼10 per cent. For H 

18 
2 O, the

asis set was restricted to j 1 ≤ 5 because only lo w-lying le vels were
nvestigated. The inclusion of the j 2 = 2 level in the p-H 2 basis
et was necessary. In contrast, the level j 2 = 3 in the o-H 2 basis
et was found to have a negligible influence, except for a detailed
escription of resonances (Bergeat et al. 2022 ). It should be noted
hat the largest CPU effort was required for HDO because it has no
rtho/para modifications and the number of coupled-channels at high 
otal energy becomes exceedingly large, i.e. larger than 10 000. In
rder to limit the computational cost and memory requirements, the 
dditional MOLSCAT parameter EMAX (used to limit basis functions 
o HDO plus H 2 energies less than EMAX ) was set to 1000 cm 

−1 

or p-H 2 and 1120 cm 

−1 for o-H 2 . We note that Faure et al. ( 2012 )
esorted to the coupled-state approximation at the highest collisional 
nergies. 

Finally, for HDO and D 2 O, rate coefficients k ( T ) in the temperature
ange T = 5–300 K were calculated for each collisional transition
 j k a k c → j ′ 

k ′ a k ′ c ) by integrating the cross-sections ( σ ) over a Maxwell–
oltzmann distribution of collision energies ( E col ): 

( T kin ) = 

√ 

8 k B T kin 

πμ

∫ ∞ 

0 
σ ( x ) x exp ( −x )d x , (1) 

here x = E col /( k B T kin ), k B is the Boltzmann constant, and μ is the

ollisional reduced mass. 

 Note that for HDO, the theoretical rigid-rotor levels 4 22 and 5 05 are reversed 
ith respect to the experimental order. Ho we ver, because these levels are 

eparated by only 0.11 cm 

−1 , the impact on cross-sections is entirely 
e gligible, e xcept at collisional energies lower than ∼1 cm 

−1 . 

d
r

i  

a  

c
d  

i  

t  
 CROSS-SECTI ONS  A N D  R AT E  

OEFFI CI ENTS  

 comparison between cross-sections for the dipole-allowed rota- 
ional transitions 0 00 → 1 11 and 1 01 → 1 10 in H 2 O and D 2 O is
resented in Fig. 1 . Cross-sections for H 2 O were taken from the
alculations presented in Bergeat et al. ( 2020a ). We can first notice
hat the magnitude of the respective H 2 O and D 2 O cross-sections can
iffer by up to a factor of 2 (with p-H 2 ) and that these differences
ary with both the transition and the collision energy. We also
bserve the presence of many scattering resonances, which occur 
hen the collision energy matches the energy of a metastable bound-

tate of the collision complex. Such resonances have been observed 
xperimentally in the D 2 O transitions 1 01 → 1 10 and 0 00 → 1 11 

or collisions with ‘normal’-H 2 (3:1 ortho:para mixture) (Bergeat 
t al. 2022 ) and, more spectacularly, in the transition 0 00 → 2 02 for
ollisions with p-H 2 (Bergeat et al. 2020b ). The resonance pattern
s indeed much larger for p-H 2 than for o-H 2 simply because o-
 2 resonances are hidden under a larger background (see Fig. 1 ).
his can be explained by the non-vanishing quadrupole of o-H 2 

nd the stronger binding with o-H 2 ( j 2 = 1) than with p-H 2 ( j 2 = 0)
the H 2 quadrupole in the state j 2 = 0 is zero by symmetry), which
ignificantly increases the potential well, the PES anisotropy, and 
he number of bound-states in the complex. As a result, the cross-
ections for o-H 2 exceed those for p-H 2 by a factor of ∼5–10. It
hould be noted, ho we ver, that much smaller differences between o-
 2 and p-H 2 are observed in the case of dipole-forbidden transitions

e.g. those with � j 1 = 2), as shown in the rate coefficients below.
inally, the change in rotational thresholds (lowered by ∼10–20 cm 

−1 

or D 2 O) are also clearly visible, which will affect the excitation
ate coefficients at low kinetic temperature. For a more complete 
iscussion about resonance and near-threshold effects, the reader is 
eferred to Bergeat et al. ( 2020b ) and Bergeat et al. ( 2022 ). 

Cross-sections for the same transitions in H 

18 
2 O are displayed 

n Fig. 2 . In this case, differences with H 2 O are hardly visible
nd amount to no more than 10 per cent, which is similar to our
onvergence criterion. Resonance peaks are also only slightly shifted 
ownwards, by less than 0.25 cm 

−1 . This demonstrates that the 18 O
sotopic substitution is negligible at our level of accuracy and that
he H 2 O inelastic cross-sections can be employed for H 

18 
2 O and even
MNRAS 527, 3087–3093 (2024) 
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M

Figure 2. Comparison between H 2 O and H 

18 
2 O excitation cross-sections 0 00 

→ 1 11 (upper panels) and 1 01 → 1 10 (lower panels) as a function of the 
collision energy. Colliders p-H 2 ( j 2 = 0) (left panels) and o-H 2 ( j 2 = 1) (right 
panels) are considered. 

Figure 3. Comparison between H 2 O and HDO excitation cross-sections 0 00 

→ 1 11 (upper panels) and 1 01 → 1 10 (lower panels) as a function of the 
collision energy. Colliders p-H 2 ( j 2 = 0) (left panels) and o-H 2 ( j 2 = 1) (right 
panels) are considered. 
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ore so for H 

17 
2 O where the isotopic shift of the centre of mass is

ven smaller ( δz = 0.00670 a 0 towards the 17 O atom versus δz =
.0127 a 0 towards the 18 O atom). 
The same dipole-allowed transitions in HDO are shown in Fig. 3 . It

s useful to recall that the single deuterium substitution causes both a
hift of the centre of mass and a rotation of the inertia axes. This latter
otation makes the HDO dipole to have components along the two in-
lane axes of inertia so that in addition to b -type radiative transitions
odd � k a and odd � k c ), a -type radiative transitions (even � k a and
dd � k c ) are dipole-allowed in HDO. Collisionally, all HDO levels
eing connected (no ortho/para modification), many more collisional
ransitions are allowed in HDO than in H 2 O or D 2 O, as shown in
he rate coefficients below. In Fig. 3 , the magnitude of the respective
 2 O and HDO background cross-sections are found to differ by less

han 20 per cent for the plotted transitions (but larger differences
re observed for other transitions). On the other hand, the resonance
attern with p-H 2 is stronger and more pronounced in H 2 O than
NRAS 527, 3087–3093 (2024) 
n HDO, due to less closed-channels and o v erlapping resonances.
inally, cross-sections with o-H 2 are again found to be much larger

han those for p-H 2 

Rate coefficients for D 2 O are displayed in Fig. 4 , where the initial
evel 3 03 (2 11 ) is the fourth-lowest level in energy of p-D 2 O (o-D 2 O)
nd the final levels are the three lo wer av ailable le vels. We can first
bserve that the rate coefficients display non-monotonic temperature
ependences. The rate coefficients for o-H 2 are also found to be
uch larger than those for p-H 2 , by up to a factor of 10 for the

adiati vely dipole-allo wed transitions (3 03 → 2 12 and 2 11 → 2 02 ),
s expected. Much smaller differences are found for the dipole-
orbidden transitions. It is also interesting to notice that the relative
rder of the rate coefficients significantly differs between p-H 2 and
-H 2 : the radiatively dipole-forbidden transitions (3 03 → 1 01 and 2 11 

 1 11 ) are fa v oured with p-H 2 , while the radiati vely dipole-allo wed
ransitions (3 03 → 2 12 and 2 11 → 2 02 ) dominate with o-H 2 . As
 xplained abo v e, this is due to the non-vanishing dipole–quadrupole
nteraction for collisions with H 2 when j 2 > 0. 

The abo v e comments generally apply also to the main isotopologue
 2 O, as shown in Fig. 5 where we report the rate coefficients

omputed by Daniel et al. ( 2011 ), as provided in the BASECOL
ata base (Dubernet et al. 2013 ). We note, ho we ver, significant
ifferences between H 2 O and D 2 O for individual state-to-state
ransitions, especially for collisions with p-H 2 where the H 2 O and
 2 O respecti ve indi vidual rate coefficients can differ by up to a

actor of 4. On the other hand, for collisions with o-H 2 , the H 2 O
nd D 2 O rate coefficients agree to within 50 per cent. Again, this
ifference between p-H 2 and o-H 2 can be attributed to the long-range
uadrupolar interaction terms (e.g. dipole–quadrupole) of the PES,
hich are much less sensitive to the H/D substitution than the weaker

nd more anisotropic short-range terms. Both kinematic (mass and
elocities) and PES effects thus play a role in the observed isotopic
ffects. 

Rate coefficients for HDO are displayed in Fig. 6 , where the initial
evel 2 11 is the seventh-lowest level in energy and the final levels are
he six lower available levels. Transitions forbidden (by symmetry)
n H 2 O and D 2 O are plotted in the upper panels, while the lower
anels show the transitions reported in the lower panels of Figs 4
nd 5 . Radiati vely, the dipole-allo wed transitions are 2 11 → 1 10 ( A =
.65 × 10 −3 s −1 ), 2 11 → 2 02 ( A = 3.46 × 10 −3 s −1 ), and 2 11 →
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Figure 5. Rate coefficients as a function of temperature for de-excitation of 
the 3 03 (upper panels) and 2 11 (lower panels) levels of o-H 2 O and p-H 2 O, 
respectively, in collisions with p-H 2 (left panels) and o-H 2 (right panels). 
Data are taken from Daniel et al. ( 2011 ). 

Figure 6. Rate coefficients as a function of temperature for de-excitation of 
the 2 11 level of HDO in collisions with p-H 2 (left panels) and o-H 2 (right 
panels). Transitions forbidden in H 2 O and D 2 O are displayed in the upper 
panels. 
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 12 ( A = 1.19 × 10 −5 s −1 ), where Einstein coefficients are taken
rom the JPL catalogue. Collisionally, the fa v oured transition with 
-H 2 is 2 11 → 1 11 (e xcept abo v e 250 K), while transition 2 11 →
 02 dominates for collisions with o-H 2 . This, once again, reflects 
he role of the dipole–quadrupole interaction for collisions with o- 
 2 . More generally, we observe that the transitions forbidden in 
 2 O and H 2 O have significantly smaller rate coefficients than those

llowed in the C 2 -symmetric isotopologues. This can be explained 
y the relatively small rotation of the inertia axes in HDO, which
n particular maintains the strongest dipole component along the b -
xis (1.732 D against 0.657 D along the a -axis). If we now compare
DO to D 2 O for collisions with p-H 2 , we can observe very similar
agnitudes and temperature dependences of the respective individual 

ate coefficients. For collisions with o-H 2 , as expected, the agreement 
etween HDO, D 2 O, and H 2 O is generally good and within 50
er cent. 
We note that the differences with the previous D 2 O and HDO rate
oefficients of Faure et al. ( 2012 ) were checked and found to be
ess than 20 per cent for collisions with o-H 2 . For collisions with
-H 2 , differences are generally within a factor of ∼2 and are mainly
ue to the implementation error in the frame transformation. As we
ill see next, the impact on radiative transfer calculations should be
egligible at temperatures above 100 K where o-H 2 is the dominant
ollider. 

Finally, it should be noted that at kinetic temperatures abo v e ∼50 K
r in the presence of radiative pumping, H 2 molecules in excited
evels j 2 = 2, 3, etc. can contribute to the (de)excitation of molecules.
t has been found, ho we ver, that the rate coefficients for collisions
ith H 2 ( j 2 > 1) differ on average by less than ∼20 per cent from

hose for collisions with o-H 2 ( j 2 = 1) (see Demes et al. 2023 , and
eferences therein). This result is robust for targets in their ground
ibrational state and for rotational levels or kinetic temperatures 
elow ∼500 K, so that near-resonance effects between the target 
nd H 2 can be neglected. This means here that rate coefficients for
ollisions with H 2 ( j 2 > 1) can be assumed equal to those for o-
 2 ( j 2 = 1). In radiative transfer calculations, a simple recipe is to

ssign the present rate coefficients for collisions with o-H 2 ( j 2 = 1)
o the volume density of all H 2 levels with j 2 ≥ 1. In general, H 2 

evels can also be assumed thermalized, with a fixed or thermalized
rtho-to-para ratio (OPR). 

 R A D I AT I V E  TRANSFER  C A L C U L AT I O N S  

n order to estimate the impact of our new rate coefficients on the
odelling of water isotopologue spectra, we have performed non- 

TE radiative transfer calculations for HDO and p-H 

18 
2 O, using for

his latter the p-H 2 O rate coefficients from Daniel et al. ( 2011 ). This
hoice was moti v ated by the recent ALMA observations of these two
 ater isotopologues tow ards the young proto-planetary disc V883 
ri (Tobin et al. 2023 ). Three emission rotational lines have been
etected: the 3 12 → 2 21 and 2 11 → 2 12 HDO lines at 225.9 GHz
nd 241.6 GHz, respectively, and the 3 13 → 2 20 line of H 

18 
2 O at

03.4 GHz. Column densities were estimated by Tobin et al. ( 2023 )
ssuming that the lines are optically thin and in LTE. These two
ssumptions are discussed below. 

The RADEX program (van der Tak et al. 2007 ) w as emplo yed using
he Large Velocity Gradient formalism for an expanding sphere. 
he rotational energy levels and radiative rates were taken from the
PL catalogue (Pickett et al. 1998 ). The HDO and p-H 

18 
2 O column

ensities were both fixed at 5 × 10 15 cm 

−2 , which is close to the
isc-averaged values determined by Tobin et al. ( 2023 ) (6.98 × 10 15 

nd 5.52 × 10 15 cm 

−2 , respectively), with an estimated line witdh
full width at half-maximum) of 2 km s −1 . The hydrogen density was
aried in the range 10 5 –10 10 cm 

−3 , which co v ers typical densities
n the upper layers and mid-plane of V883 Ori. Three kinetic
emperatures ( T kin ) were selected, 100, 200, and 300 K, which enclose
he excitation temperatures derived by Tobin et al. ( 2023 ) (their
ducial model gives T kin = 199 ± 42 K). No radiation field other than

he cosmic microwave background at 2.73 K was considered. The 
PR of H 

18 
2 O was fixed at 3. The H 2 levels with j 2 > 1 (of importance

bo v e 100 K) were included by assigning them the rate coefficients
or o-H 2 ( j 2 = 1), assuming thermal populations and a thermal OPR as
ecommended abo v e. The pre vious set of rate coef ficients computed
y Faure et al. ( 2012 ) for HDO was also used at 200 K, in order to
heck the impact of the rate coefficient uncertainties. 

In Fig. 7 , we have plotted the excitation temperature ( T ex ) of the
hree detected lines as a function of the hydrogen density and for
he three selected kinetic temperatures. At low hydrogen density, 
MNRAS 527, 3087–3093 (2024) 
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M

Figure 7. Excitation temperature of the three detected lines towards V883 
Ori (the 3 12 → 2 21 and 2 11 → 2 12 HDO lines at 225.9 GHz and 241.6 GHz, 
respectively, and the 3 13 → 2 20 line of H 

18 
2 O at 203.4 GHz) as a function 

of hydrogen density. The three selected temperatures are denoted in blue 
(100 K), orange (200 K), and red (300 K). The dashed orange line (panel of 
HDO at 225.9 GHz) corresponds to RADEX calculations at 200 K using the 
HDO collision data of Faure et al. ( 2012 ). 
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Figure 8. Line opacity of the three detected lines towards V883 Ori (the 3 12 

→ 2 21 and 2 11 → 2 12 HDO lines at 225.9 and 241.6 GHz, respectively, and 
the 3 13 → 2 20 line of H 

18 
2 O at 203.4 GHz) as a function of hydrogen density. 

The three selected temperatures are denoted in blue (100 K), orange (200 K), 
and red (300 K). The dashed orange line (panel of HDO at 225.9 GHz) 
corresponds to RADEX calculations at 200 K using the HDO collision data of 
Faure et al. ( 2012 ). 
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he excitation temperatures of the two HDO lines are a few Kelvins
bo v e 2.73 K, suggesting populations close the radiative equilibrium.
he T ex then increase with density, as expected, but collisions are

ound to quickly invert the 225.9 GHz transition with the population
nversion persisting up to densities ∼10 8 –10 9 cm 

−3 , depending on
he kinetic temperature. It should be noted that this maser effect
n dense and warm regions of proto-planetary discs was already
redicted by Ceccarelli et al. ( 2010 ) (see also Faure et al. 2012
here six other HDO lines in the range 0–2000 GHz were found

o invert at similar physical conditions). In contrast, the T ex of the
41.6 GHz transition increases monotically and the LTE plateaus
where T ex = T kin ) are reached abo v e ∼10 8 –10 9 cm 

−3 . In the case
f H 

18 
2 O, we can observe that the 203.4 GHz transition is inverted

 v er an even larger density range and up to n H 2 ∼ 3 × 10 9 cm 

−3 at
 kin = 300 K. We note that this line (3 13 → 2 20 ) is a well-known
aser at 183.3 GHz in the main water isotopologue (see e.g. Neufeld

t al. 2017 , and references therein). The previous data set of Faure
t al. ( 2012 ) (dashed orange line) pro vides v ery similar excitation
emperatures for HDO, as expected. 

Using the parametrized model of Tobin et al. ( 2023 ) for V883
ri, we found that the density in the upper layers and mid-plane
f the disc varies in the range ∼10 6 –10 10 cm 

−3 . For instance, at a
ypical radius of 80 au the density is ∼6 × 10 6 cm 

−3 at a height
f 50 au and ∼5 × 10 9 cm 

−3 at a height of 10 au. As a result, for
he 225.9 and 203.4 GHz transitions, the LTE assumption does not
pply in V883 Ori, except possibly for the emission from the most
ense lower layers where the density exceeds ∼10 9 –10 10 cm 

−3 . On
he other hand, the HDO 241.6 GHz transition should thermalize as
oon as the density reaches ∼10 8 cm 

−3 . 
The assumption of LTE by Tobin et al. ( 2023 ) relies on their

stimates of the critical densities ( n cr ) at 200 K for the detected
ransitions: they used the ratio of the spontaneous radiative rate to the
ollisional de-excitation rate, i.e. n cr ( i → f ) = A ( i → f )/ k ( i → f ), and
erived for the HDO 225.9, 241.6 and H 

18 
2 O 203.4 GHz transitions
NRAS 527, 3087–3093 (2024) 
ritical densities of 9.7 × 10 5 , 1.1 × 10 6 , and 3.8 × 10 5 cm 

−3 ,
espectively, which are not consistent with the abo v e results. Indeed
he conditions for LTE should be fulfilled for densities n H 2 � 100 n cr .
n fact, for a polyatomic non-linear molecule, the critical density
hould be computed for an upper level i as the ratio between the sum
f all possible spontaneous radiative rates to the sum of all possible
ollisional rate coefficients out of this level, i.e. n cr ( i ) = 

∑ 

f A ( i →
 )/ 
∑ 

f k ( i → f ). This gives critical densities (at 200 K) of 9.3 × 10 7 ,
.3 × 10 7 and 5.3 × 10 8 cm 

−3 , respectively, in good agreement with
he LTE plateaus shown in Fig. 7 . 

Finally, the line opacity of the three detected lines, as computed by
ADEX , are displayed in Fig. 8 . With the chosen column densities of
 × 10 15 cm 

−2 , opacities (or their absolute values) are al w ays lower
han 1 but they can exceed ∼0.3 for densities below ∼10 8 cm 

−3 ,
epending on the kinetic temperature. The assumption of optically
hin lines is thus questionable. 

In summary, the assumption that the three water lines detected
n V883 Ori are optically thin and in LTE is not justified except
n the most dense regions of the disc where the density exceeds

10 8 cm 

−3 . Furthermore, two of the three transitions detected by
obin et al. ( 2023 ) are potential weak masers, suggesting strong
eviations from LTE in some regions of the disc. We note, ho we ver,
hat the contribution of the dust far-infrared radiation in pumping the
DO and H 

18 
2 O lev els was ne glected in our calculations. Ideally, a

etailed non-LTE 2D radiative transfer model is required to properly
t the ALMA water spectra towards V883 Ori. Now it is not
lear if the HDO/H 2 O ratio derived by Tobin et al. ( 2023 ) will
e substantially modified. As discussed by these authors, previous
odelling studies of the same three transitions in protostars have

hown that the HDO/H 2 O ratios derived from non-LTE models
iffer from optically thin LTE calculations by a factor of ‘only’
–4 (see e.g. Persson et al. 2014 ). A robust determination of the
DO/H 2 O would certainly require a careful non-LTE modelling, but
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lso the detection of additional water lines for better contraints on the
xcitation conditions. In any case, the uncertainties in the collisional 
ate coefficients have been removed in this study. 

 C O N C L U S I O N S  

e have reported new cross-sections and rate coefficients for rota- 
ional transitions in D 2 O, H 

18 
2 O, and HDO induced by collisions with

-H 2 ( j 2 = 0) and o-H 2 ( j 2 = 1) in the kinetic temperature range 5–
00 K. Scattering calculations were performed at the close-coupling 
evel with the isotopic variants of the H 2 O −H 2 PES of Valiron et al.
 2008 ). By comparing the rotational cross-sections for transitions 
n D 2 O, H 

18 
2 O, and HDO to those in H 2 O, we have shown that the

euterium isotopic substitution has a large impact, especially for col- 
isions with p-H 2 , where differences up to a factor of 4 were observed.
sotopic effects are caused by the (small) changes in the centre- 
f-mass position, internal geometry, reduced mass, and rotational 
onstants. They thus reflect both kinematic (mass and velocities) and 
ES effects. In addition, the rotation of the principal inertia axes 

n HDO induces collisional transitions otherwise forbidden in the 
 2 -symmetric isotopologues. Rate coefficients for collisions with o- 
 2 ( j 2 = 1) were found to be larger than those for collisions with
-H 2 ( j 2 = 0), in particular for dipole-allowed transitions due to the
on-vanishing quadrupole of H 2 ( j 2 ≥ 1). In contrast, the 18 O isotopic
ubstitution was found to be negligible so that the rate coefficients 
or H 2 O can be reliably used for H 

18 
2 O and H 

17 
2 O. Rate coefficients

re provided for rotational transitions among all p-D 2 O, o-D 2 O, and
DO le vels belo w 300 cm 

−1 and for kinetic temperatures in the
ange 5–300 K. 

The rele v ance of the collisional rate coef ficients was illustrated by
erforming RADEX calculations to mimic the excitation conditions in 
he V883 Ori proto-planetary disc where two HDO lines at 225.9 and
42.6 GHz and one H 

18 
2 O line at 203.4 GHz were recently detected

ith ALMA. Strong deviations from LTE, including population 
nversion in the lines at 225.9 and 203.4 GHz, were observed over a
arge range of densities and kinetic temperatures, suggesting that the 
ssumption that the three lines are in LTE is not reliable in this source.
on-LTE (ideally 2D) radiative transfer models should be thus used 

or a robust determination of the HDO/H 2 O ratio via the HDO
nd H 

18 
2 O column densities. Such models are still hampered by the

mall number of detected lines and by their dependence on the disc
hysical and chemical structure, but the collisional rate coefficients 
or the water isotopologues should no longer be considered as a 
imiting factor. In this context, we finally note that new crossed-beam 

xperiments are in progress in Bordeaux to measure near-threshold 
ross-sections for HDO colliding with H 2 . 
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