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ABSTRACT

Context. The H,S molecule has been detected in several regions of the interstellar medium (ISM). The use of non-LTE models re-
quires knowledge of accurate collisional rate coefficients of the molecules detected with the most common collider in the ISM.
Aims. The main goal of this work is to study the collision of H,S with He.

Methods. A grid of ab initio energies was computed at the coupled cluster level of theory including single, double, and perturba-
tive triple excitations (CCSD(T)) and using the augmented correlation consistent polarized quadruple zeta (aug-cc-pVQZ) basis set
supplemented by a set of mid-bond functions. These energies were fitted to an analytical function, which was employed to study the
dynamics of the system. Close coupling calculations were performed to study the collision of H,S with He.

Results. The rate coeflicients determined from the close coupling calculation were compared with those of the collision with H,O+He,
and large differences were found. Finally, the rate coefficients for the lower rotational de-excitation of H,S by collision with He are

reported.
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1. Introduction

Sulfur molecules play an important role in biological systems
on Earth, which increases the interest in following the chem-
ical history of these molecules in the Universe (Fuente et al.
2017). Approximately 20 molecules containing sulfur have
been detected in the interstellar medium (ISM), as can be
seen in the Cologne Database for Molecular Spectroscopy
(CDMS; Miiller et al. 2005). Owing to their properties and abun-
dance, these systems are useful tracers of interstellar mate-
rial (Duley et al. 1980; Nagy et al. 2013; Fuente et al. 2016;
Goicoechea et al. 2017; Gorai 2018; Cernicharo et al. 2018;
Drozdovskaya et al. 2018).

Among all sulfur-bearing molecules, we focus on hydro-
gen sulfide (H,S). This system has been observed in a
variety of astrophysical environments (Thaddeus et al. 1972;
Ukita & Morris 1983; Minh et al. 1989, 1990; Martin et al.
2005; Lietal. 2015; Holdshipetal. 2016; Minh 2016;
Phuong et al. 2018). H,S has been used as a probe of sulfur
chemistry in the ISM and also as a probe of the physical state
of the gas (Crockett et al. 2014).

The local thermal equilibrium (LTE) can be employed to
determine the physicochemical conditions of the region where
the molecules are observed, for example, density, excitation tem-
perature, and molecular abundance. In such a model, the rota-
tional population of the molecule follows a Boltzmann distri-
bution. However, in typical molecular clouds the density is low
and collisions are rare. Also, the LTE does not apply, and non-
LTE models should be considered. Such models require the input
of both the Einstein coefficients, which are usually known, and
accurate state-to-state collisional rate coefficients with the most
common colliders of the ISM (e.g., He, H,, H, and 7).

Article published by EDP Sciences

Recently, Crockett et al. (2014) studied the H,S molecule
in the Orion KL nebula and performed non-LTE analysis. In
the absence of collisional rates for this system, theses authors
used two approximations. First, they employed the experimental
depopulation cross section of Ball et al. (1999) for the 1,9 —
1y, transition of H,S+He to derive a base rate coefficient of
1.35x 107" cm?® s7! at 10 K. The collision rates were then scaled
in proportion to radiative line strengths so that the sum of all
downward rates from each upper state is equal to the base rate
(Crockett et al. 2014). Second, Crockett et al. (2014) used the
rates for the collisions of H,O with H, to scale those for the
collisions with H,S. To conclude, it is important to point out that
the rate coefficients available for H,S in the LAMDA database
(Schoier et al. 2005) are also those scaled from the collision with
H,O, while the spectroscopic characteristics of the HO and H,S
molecules are very different, and differences in the interaction
potential energy surfaces (PESs) of He with H,S and H,O are
most probable. A full set of collisional rates for H,S is then
required for evaluating the validity of these two approximations.

A very recent work dedicated to the collisions of H, with
H,S (Dagdigian 2020) was published online at the same time as
the present work was submitted to publication. A brief compar-
ison of the rates for collision of H,S with He and H, are there-
fore used to discuss the validity of the mass scaling procedure
for estimating the rates for collisions with H, from those with
He.

The main goal of this paper is to provide a new set of reliable
rotational rate coeflicients for the collision of H,S with He cal-
culated at the close coupling level on a new ab initio PES. This
article is organized as follows: In the next section, the methods
used are presented. In Sect. 3, the results are discussed, while the
conclusions can be found in Sect. 4.
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Fig. 1. Internal coordinates used to describe the H,S+He system.

2. Methods
2.1. Ab initio calculations

A large grid of interaction ab initio energies were computed to
study the H,S+He complex. The calculations were performed at
the coupled cluster level of theory including single, double, and
perturbative triple excitations (CCSD(T); Raghavachari et al.
1989) and using the augmented correlation consistent polarized
quadruple zeta (aug-cc-pVQZ; Dunning 1989) basis set supple-
mented by a set of mid-bond functions (Cybulski & Toczytowski
1999). The basis set superposition error was corrected using the
counterpoise procedure (Boys & Bernardi 1970). The calcula-
tions were performed with the MOLPRO package (Werner et al.
2012). The center of the coordinates of the system was located
at the center of mass of H,S molecule, H,S is in the plane
xz, and the scattering coordinates R, 8, and ¢ are defined
in Fig. 1.

The rigid rotor approximation is used to describe the H,S
molecule and the HS bond length rs_y = 1.35 A and bond angle
<HSH = 92.13° are fixed to their vibrationally averaged value in
the rovibrational ground state Cook et al. (1975). The radial grid
includes 25 values of R ranging from 1.5 A to 9 A, while 6 and
¢ vary from 0° to 180° in steps of 10° and 15°, respectively. A
total of 6175 ab initio energies were computed.

2.2. Analytical representation of the PES

The ab initio energies were fitted to the following analytical
form:

8 min(/,6)

V(R,61,6:,8)= )" > fin(R)P]'(cos 6) cos(mg), (M

=0 m=0

where the angular part is represented by a product of normalized
associated Legendre and cosine functions, and m is even. For
each R value, the ab initio energies were fitted to this analytical
form using a least-squares procedure. Then, the f;,, radial coef-
ficients were obtained using a reproducing kernel Hilbert space
(RKHS) representation,

N
fimR) =) "¢ (R, Ro) @
k=1
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where N is the number of radial points of the grid and ¢>(R, Ry)
are the one-dimensional kernels defined by Ho and Rabitz

(Ho & Rabitz 1996). The aﬁc’m coefficients are found by solving
the linear system f;,,(R;) = al’mq(Ri,R_,-), where i and j label dif-
ferent radial grid points, while the use of the ¢°*(R, R;) kernel
ensures a R~° long-range behavior (Solddn & Hutson 2000).

2.3. Dynamics

The dynamics of the system was studied by separately solving
the close coupling equation for the two nuclear spin modifica-
tions of H,S in the space-fixed frame. The calculations were
performed with the most recent version of the Newmat code
Stoecklin et al. (2019) and the log-derivative propagator.

The rotational constants of H,S were fixed to their
experimental values Ag=10.3601cm™!, By= 9.0156cm™!, and
Co=4.7318cm™! (Cook et al. 1975), while the rotational basis
set was made of 10 values of the rotational quantum number
j. This included 50 ortho rotational states up to 908.085cm™'
and 50 para states up to 908.065 cm™'. In what follows, we use
the notation jk,k. to designate the asymmetric top rotational
energies of H,S, where K4 and K¢ are, respectively, the abso-
lute values of the Z molecular axis projections of the rotational
angular momentum j in the limit of a prolate or an oblate top.
This molecule is a near-oblate asymmetric top, and the oblate-
limit projection quantum number K¢ is then an approximately
good quantum number. This is in contrast with water, which
is an intermediate case closer to a prolate limit for which nei-
ther K4 nor K¢ are nearly conserved. Scattering calculations
were carried out for energies up to 4000 cm™' for each H,S—He
pair of nuclear spin modifications. This range of energies could
involve exited bending and stretching levels of H,S, while the
H,S vibration is not taken into account in the present work. We
know however from previous work (Stoecklin et al. 2019) that
the state-to-state rotational excitation uncertainty resulting from
the use of this approximation above the excited vibrational level
thresholds of H,S is very small as rovibrational cross sections
are two orders of magnitude smaller than purely rotational cross
section. Partial waves up to total angular momentum J = 90
were included in the calculations to achieve a 1073 relative cri-
terion for the convergence of the state-selected quenching cross
section as a function of the maximal value of the total angular
momentum quantum number J. The maximum propagation dis-
tance was 50 bohr, and convergence was checked as a function
of the propagator step size. The computed state-to-state inte-
gral cross sections o jk,x.—jk,'k. Were eventually employed
to calculate the corresponding state-selected rate coeflicients
{c KaKe— ' K/ KC'(T.). between 1 and IOQO K by Boltzmann averag-
ing over the collision energy E,, that is,

8 N A _Ec
kikyke—iky ke (T) = 7-(_,“(kBT) 2 f O jksKe—jka'ke'€ BT EcdE,.
\J 0

“

3. Results
3.1. PES

The grid of ab initio energies was fitted to the analytical form
of Eq. (1). The two panels of Fig. 2 shows contour plots of
the resulting PES for ¢ = 0° and ¢ = 90°, respectively. The
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Fig. 2. Contour plots of the H,S+He system at ¢ = 0° (panel A) and ¢ = 90° (panel B). Red contour lines correspond to positive energies ranging
from 0 to 100cm™" in steps of 10cm™!, and in steps of 100 cm™! in the [100,2000] cm™! interval . Blue contour lines show the negative energies

varying in steps of 2cm™.

global minimum of the PES (-36.49cm™') appearing on the
left panel of this figure is associated with the bent configura-
tion (R = 3.46A, 6 = 72°, ¢ = 0°). A secondary minimum,
at R = 3.84 A and 6 = 180° (¢ is undefined for 6 = 0° and
180°), can be seen on this figure. The global minimum energy of
H,S+He PES is then very close to that of the H,O+He system
(=34.9cm™") (Patkowski et al. 2002), which is also associated
with a similar geometry of the complex (R = 3.13A, 6 = 75°,
¢ = 0°). As a result, the magnitudes of the cross sections should
approximately follow the scaling law based on the ratio of the
reduced masses of the two systems used in the Lambda database
(Schaier et al. 2005). Conversely, the angular anisotropies of
the two PES are very different because the H,O+He PES does
not exhibit any secondary minimum, as shown in Fig. 3 of
Patkowski et al. (2002). As a result and because of the conse-
quences of the differences between the values of the rotational
constants of HyO and H,S discussed in Sect. 2.3, the propensity
rules followed by the rotational transitions of the two collisional
systems are expected to differ.

3.2. Dynamics

Figures 3 and 4 show de-excitation cross sections from exam-
ples of para (K, + K. even) and ortho (K, + K, odd) states of
the j = 2 and j = 4 multiplets. In each figure, the lower and
upper panels are dedicated to examples of initial para and ortho
states, respectively. These are on one side the (j = 2, K, = 2,
K. =0)and (j =4, K, = 4, K, = 0) para states and on the other
the (j =2,K, =2,K. =1and (j=4,K, =4, K. =1)
ortho state of H,S. Before analyzing these figures we note
that all these transitions tend to follow the general propensity
rule demonstrated by Alexander (1982). This early paper states
that transitions between states with the same sign of the parity
index re favored, and the collisional selectiv-
ity becomes increasingly rigorous as both j and the collisional
energy increase. In order to simplify the notation, in the follow-
ing we only give the three integers m n p to designate the j = m,
K, =n, K. = plevel.

If we first look at the transitions issued from the 2 2 1 ortho
level of H,S represented in the upper panel of Fig. 3, we see
that the 2 1 2 final level gives the largest cross section in the
[1-100]cm™' interval. This is expected as this transition is
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Fig. 3. Rotational de-excitation cross sections of H,S by collision with
He. The upper and lower panels show transitions issued from the 2 2 1
and 2 2 0 initial levels of H,S, respectively.

elastic in j (Aj = 0), while these two levels have the same par-
ity index and are the closest in energy. They however differ in
K. (AK, = 1), whereas H,S is a near-oblate symmetric top and
K. should then nearly be a good quantum number. At higher
collisional energy, the (AK, = 0) propensity rule is conversely
respected as the 1 0 1 final level gives the largest cross section.
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Fig. 4. Rotational de-excitation cross sections of H,S by collision with
He. The upper and lower panels show transitions issued from the 4 4 1
and 4 4 0 initial levels of H,S, respectively.

Similar behavior can be observed for the transitions issued from
the initial 2 2 O para state represented in the lower panel of the
same Fig. 3). The 2 1 1 level followed by the 2 0 2 level are
closest in energy, have the same parity index as 2 2 0, and are j
elastic. Again these two transitions give the largest cross section
in the [1-100] cm™! interval. /At higher energy the (AK. = 0)

propensity rule makes the 0 0 O transition progressively increase,

whereas it is inelastic in j (Aj = 2) and is the most distant in
energy.

If we now look at the transitions issued from the 4 4 1 ortho
level represented in the upper panel of Fig. 4, we see that again
the 4 3 2 and 4 2 3 levels, which are the closest in energy with the
same parity index, give the highest cross section up to 300cm™".
However, the 3 2 1 level, whose parity index is opposite, is
inelastic in j (Aj = 1) and is quite distant in energy. But this level
follows the (AK, = 0) propensity rule giving cross sections that
are very close in magnitude and become largest at higher energy.
Similar behavior can be observed in the lower panel of Fig. 4 for
the transitions issued from the 4 4 0 para level. The 2 2 0 level,
which is quite distant in energy and is inelastic in j (Aj = 2),
gives the largest cross section above 100 cm™!. We conclude that
the (AK, = 0) propensity rule becomes increasingly rigorous as j
and the collision energy both increase, while for collision energy
below the well depth, it is rather the conservation of the parity

A31, page 4 of 5
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Fig. 5. Rotational de-excitation rate coefficients of H,S by collision with

He. The upper and lower panels show transitions issued from the 2 2 1

and 2 2 0 initial levels of water, respectively. The rates are compared

with the corresponding rates for the H,S + para-H, collisions (desig-

nated by pH,) and with those for H,O+He collisions (designated by
2

index and the lowest energy difference that lead to the highest
transition cross sections.

We now turn to the comparison between the H,S+He and
H,0+He collisional systems as we have seen that the well
depths of the two associated PES are very close, while the ratio
of the reduced masses of the two systems nearly equals one.
These are two reasons that lead several authors to assume that
the collisional rate coefficients would also be equal. The rota-
tional de-excitation rate coefficients of H,S by collision with
He from the initial states 2 2 1 and 2 2 0 of H,S are shown
in the upper and lower panels of Fig. 5, respectively, where they
are compared with those reported for the H,O+He system by
Yang et al. (2013), which can be found in the Basecol database
(Dubernet et al. 2013). All three temperature dependence, mag-
nitude, and propensity rules differ strongly for the two systems.
These strong differences result from both the differences in the
angular anisotropies of the two PESs and the rotational con-
stants; H,S has a nearly oblate symmetric top, while H,O is a
good example of an asymmetric top intermediate case. The data
in this work computed will be sent to the Basecol database soon.

We then compare our results with the only experimental
data available of Ball et al. (1999) for the 1;¢ — 1¢; transi-
tion of H,S colliding with He. As a matter of fact, PES cal-
culations have reached a very high level of accuracy, which
is illustrated by the very good agreement between theory and
experiment obtained in several recent studies dedicated to the
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H,-CO (Faure et al. 2016), D,-CO (Stoecklin et al. 2017), Ar-
CO (Mertens et al. 2017), NO+O, (Gao et al. 2018), and ND3-
D, (Gao et al. 2019) systems. Ball et al. (1999) did not obtain
state-to-state rate coefficients but gave instead depopulation
Boltzmann averaged cross sections for the rotational transition
loy — 1jp as a function of temperature. They neglected the
contribution of higher notational levels of H,S and used an
approximate two-level model, which is expected to be valid up
to approximately 10K. They reported a value of 6.84 A2 for
the depopulation cross section of the 110 level of H,S at 11.1K
or equivalently a value of 1.75 10~'! cm?® molecule™! s~! for the
corresponding rate at this temperature. Our calculated value is
about three times larger (5.7 107" cm® molecule™ s™!). Such an
agreement between theory and experiment, if not satisfactory, is
understandable knowing that energy resonances in this domain
of energy may drastically change the magnitude of the cross sec-
tions in a very narrow energy interval, while possible sources of
experimental error are mentioned by these authors. In the same
publication Ball et al. (1999) also performed close coupling cal-
culations and obtained a good agreement with experiment at this
temperature. This agreement however appears to be fortuitous as
they used an approximate model of PES whose well depth is only
a half of ours. Other experimental data are then needed to decide
if there is a real disagreement between theory and experiment.

To conclude, we also compared in the upper and lower panels
of Fig. 5 the rotational de-excitation rate coefficients of H,S by
collision with He from the initial states 2 2 1 and 2 2 0 of H,S
with those recently published by Dagdigian (Dagdigian 2020)
for the collisions with Hy. The well depth of the H,-H,S complex
(146.8 cm™") calculated by Dagdigian (2020) is five times deeper
than that of He-H,S, while the relative masses of the former is
about a half of the later. In Fig. 5, the rate coefficients for the
two systems are seen to be about of the same magnitude, while
differing both in the law variation as a function of temperature
and in the propensity rules. The scaling law based on the square
root of the inverse ratio of the relative masses therefore does not
appear to be a good option to predict the rate coefficients for
the collisions of H,S with para-H, from those with He, while
the excitation rate coefficients with He need to be included in
the modeling of the rotational excitation of H,S.

4. Summary

A three-dimensional PES for the collision of H,S+He was devel-
oped. The global minimum (—36.49 cm™") is obtained for a bent
geometry and is comparable in both aspects to that of the He-
H,0 system, while a secondary minimum is identified that does
not exist for He-H,O. Close coupling calculations were per-
formed for the 50 lowest rotational states of the two nuclear spin
modifications of H,S. At low and intermediate energy, the tran-
sition toward levels that are the closest in energy and have the
same parity index gives the largest cross section, while for higher
energies the near-oblate (AK¢ = 0) propensity rule progressively
takes the lead. Our calculation gives a value that is the triple of
the only experimental data available for the 1¢; — 1,9 depopu-
lation rate coefficient at 10 K. However, this comparison is not
conclusive and more experimental data will be needed.

While the existing databases suggested up to now to use the
He-H,O state-to-state rate coeflicients for the He-H,S collisions,
we demonstrated that the three temperature dependence, magni-
tude and propensity rules differ strongly for the two systems.
These strong differences result from both the differences in the
angular anisotropies of the two PESs and in the rotational con-
stants, where H,S has a nearly oblate symmetric top while H,O

is a good example of asymmetric top intermediate case. We also
compared our results with those by Dagdigian (2020) for the col-
lisions with H,. The rate coefficients for the two systems were
found to be about of the same magnitude, but these rates dif-
fer in the law variation as a function of temperature and in the
propensity rules. We then recommend using both the new state-
to-state rate coefficients with He and H; in any non-LTE analysis
of astronomical observation of H,S.
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