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1 INTRODUCTION

ABSTRACT

Interpretation of SO, line emission in warm environments requires a detailed knowledge of
collisional rate coefficients for a wide range of levels and temperatures. Using an accurate
theoretical interaction potential for SO,—H,, rate coefficients for collisions of SO, with para
and ortho-H, for the 31 first SO,, rotational levels are calculated for temperatures up to 500 K
using the coupled states (CS) approximation. From a comparison with previously published
close-coupling (CC) results, it was shown that the two sets of data agree within 20-30 per cent
for both para- and ortho-H, collisions. As previously found within the CC approach, the CS
rate coefficients with ortho and para-H, differ by a factor of 2 in average, the largest being
mainly the rates for collisions with ortho-H,. For higher levels and temperatures, rate constants
were computed within the infinite order sudden (I0S) approximation. Rate coefficients were
obtained for the lowest 410 rotational levels of SO, in the 100—-1000 K temperature range. A
comparison at 30, 100 and 300 K of the IOS data with the corresponding para-H, CS results
indicates that the IOS approximation systematically underestimates the CS results by a factor
up to 2 at the lowest temperatures. As expected, IOS and CS rates are in a better agreement
at higher temperatures. Considering that the IOS theory was developed for collisions with
para-Hj, this approach cannot describe with the same accuracy collisions with ortho-H,. So,
our IOS data may be considered as quite reliable for collisions with para-H, and less accurate
for collisions with ortho-H,.

Key words: molecular data—molecular processes.

considered as very good tracers of shocks. Orion Kleinmann-Low
nebula Orion (Orion KL), the closest high-mass-forming region, is

Since its detection by Snyder et al. (1975), SO, has been found to
be very abundant in a large variety of objects. It has been observed
towards cold dark clouds with an abundance of a few 10~° (Irvine,
Good & Schloerb 1983; Dickens et al. 2000). It has also been ob-
served in warm molecular clouds in which lines involve energy
levels of several hundred K. SO, as well as other sulphur-bearing
molecules are very good tracers of the physical and chemical prop-
erties of the hot core phase of high-mass star formation (Schloerb
et al. 1983; Schilke et al. 2001).

According to recent studies (Hatchell et al. 1998; Viti et al. 2001),
the abundances of these species are strongly time-dependent giv-
ing constraints on the evolution of the different phases of the star
formation, the hot core, the surrounding molecular outflows and
the associated shocked gas. Many observations (Bachiller 1996;
Esplugues et al. 2013 and references therein) have shown that SO
and SO, molecules present increased column densities (by fac-
tors up to 10%) in shocked regions so that these species could be

*E-mail: Christian.Balanca@obspm.fr

one of the most studied regions owing to its chemical complexity
and to the presence of several components characterized by dif-
ferent physical and chemical conditions (Tercero et al. 2010, and
references therein). In the recent broad-band spectral line survey of
Orion KL (Crockett et al. 2014), obtained using the Heterodyne In-
strument for Far-Infrared (HIFI) instrument on board the Herschel
Space Observatory, transitions with levels up to 1100 K were ob-
served for the main isotopologue of SO,, rarer isotopologues **SO,
and SO, were also detected.

Detailed non-local thermodynamic equilibrium (LTE) modelling
is a powerful tool for investigating the physical and chemical con-
ditions of these objects. This requires a precise knowledge of the
state-to-state collisional rates between the molecule under study and
the main collider in the cloud, i.e. molecular hydrogen. To the best
of our knowledge, no experimental data are available for SO,—H,.
Green (1995) has computed SO,—He rate coefficients for temper-
atures between 25 and 125 K for the first 50 rotational levels of
SO; (i.e. for levels with energy below 90 K). From a state-of-the-art
accurate 5D potential energy surface, Spielfiedel et al. (2009) and
Cernicharo et al. (2011) have provided full close-coupling (CC)
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collisional rates for the first 31 levels of SO, and temperatures from
5 to 30 K, suitable for cold dark cloud modelling. To date, how-
ever, for warm molecular clouds where high j-levels are observed,
non-LTE analysis cannot be performed due to the lack of collisional
rates (Esplugues et al. 2014). It is the purpose of the present paper to
provide such rate coefficients for high temperatures and for a large
number of rotational levels.

Scattering calculations based on CC method provide rate coeffi-
cients with the best accuracy. Unfortunately, converged scattering
calculations that consider the rotational structure of both molecules
grow dramatically in size with the energy, in particular when high
J-levels are involved, thus CC calculations at high temperatures
would be prohibitive in terms of memory and CPU time. Approx-
imative quantum dynamics treatments of rotation by the coupled
state (CS) and infinite sudden order (I0S) approaches should pro-
vide a reasonable estimate at high energies and for higher levels
(Green 1976, 1979).

Our current objective is to obtain a set of rotational state-to-state
rate coefficients for large temperatures and high rotational j-levels.
For that purpose, we used two different quantum approaches in
order to provide two sets of state-to-state rate coefficients: (i) the
CC calculations among the 31 first rotational levels were extended
at temperatures up to 500 K using the CS approximation; (ii) IOS
calculations provide state-to-state rate coefficients for temperatures
up to 1000 K and among all the rotational levels until the 41, 4, level
(410 levels), i.e. all levels lower than the v = 1 vibrational level.
This data are expected to enable accurate non-LTE modelling of the
Herschel/HIFI and Institut de Radioastronomie Millimétrique 30 m
recent observations (Tercero et al. 2011; Esplugues et al. 2014).

The paper is organized as follows: Section 2 provides a brief
description of the potential energy surface (PES) and describes
some theoretical aspects of the scattering calculations. Section 3
displays a comparison of the rate coefficients obtained with the
different quantum approaches, CC, CS and IOS. Rate coefficients
are presented in Section 4 and concluding remarks are drawn in
Section 5.

2 COMPUTATIONAL METHODOLOGY

2.1 Potential energy surface

All calculations presented below were performed with rigid
molecules using the expansion of the 5D-PES described in
Spielfiedel et al. (2009) where full details can be found. Here, we
just describe the main features of the PES.

This PES involves an angular expansion over 129 angular func-
tions 7;,,,1,1(0, ¢, 6’, ¢') according to the conventions in Phillips,
Maluendes & Green (1996). Extensive calculations of a reference
PES were performed including Complete Basis Set extrapolation,
The global minimum was found to be V,,;, = —192.723 758 cm™!
for R = 6.147 979 bohr, 6 = 912721778, ¢ = 9020, 6’ = 9020 and
¢’ = 0°. The angular expansion of the PES was obtained from the
final very accurate set as a least square fit of the ab initio values.
The selection was found to reproduce the ab initio values within
1 cm™! for internuclear distances R larger than 6.5 ay.

At short distances, severe steric hindrance problems had been
encountered as found previously for the HC3N-H, system. So a
regularization of the SO,—H, PES was performed by introducing
a scaling function S¢ (see details in Spielfiedel et al. 2009). The
final PES can easily be expanded over angular functions with an
excellent accuracy. A threshold value of 10 000 cm™! was selected
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for Sy, high enough for applications where both molecules can be
kept rigid.

2.2 Collisional dynamics

Previous CC calculations have provided collisional para- and ortho-
H, rate coefficients for temperatures ranging from 5 to 30 K for the
31 lowest SO, rotational levels (Cernicharo et al. 2011). CC calcula-
tions are computationally very expansive, so different approximate
methods (CS and IOS approximations) are tested and used in the
present work. The CS method, computationally less expensive than
CC, is expected to be reliable for low-lying levels at energies far
from the energy thresholds. As the IOS approximation neglects the
energy structure of the levels, it is expected to be very poor at low
energies, however, it was found to give a correct estimate of the
rates among high j-levels at high energies (Lique, Cernicharo &
Cox 2006).

These two methods approximate the centrifugal scattering poten-
tial and IOS further ignores rotational energy spacings compared to
the collision energy (Green 1976, 1979).

As a result, the IOS state-to-state cross-sections are factorized
into dynamical factors which contain information about the col-
lisional system and spectroscopic factors that include information
about rotational levels and angular momentum coupling. For asym-
metric top rotors, the wave functions |jTm) (with t = K, — K, in
the usual notation) can be expanded in terms of symmetric top wave
functions as (Green 1979):

ljTm) = ali(1+80) " (|jkm) + € .| j — km)). e
k=0

where j is the total rotor angular momentum,  is its projection on
a space-fixed axis, k is the projection on the molecule-fixed axis,
ko is a Kronecker delta function and the &/, are the expansion
coefficients. |jkm) are symmetric top wave functions. The state-to-
state inelastic cross-sections are obtained from the generalized 10S
cross-sections, Q(L, M,, M,), as:

o(jt = jth=@Qj’+1)

x> O(L, My, My)C(jT, j'T'|L, My, My),

LMy My

2
with

i il _ VA R B Kk, +k;
C(t, j'TIL, My, My) = g e e S Gl D
kakgkpk,

(Eh 2 %)
kK, M, —k, k, M, —k, )"

The SO, energy levels and wave functions were obtained from
spectroscopic constants describing the SO, Hamiltonian up to the
fourth order. These data, provided by the maDEX code (Cernicharo
2012), result from a fit of SO, spectra including levels up to j =
92 and K = 28. However, the coordinate system used in MADEX,
with the SO, molecule lying in the x—z plane and with the z-axis
along the a-axis of SO, (Watson’s reduced Hamiltonian, reduction
A representation 1"; Watson 1977), is different from the one re-
quired by the MoLscAT scattering program for an asymmetric rotor
in collision with H,. As a consequence, the MADEX Hamiltonian
matrix was converted to the MOLSCAT coordinate system where the
SO, molecule lies in the x—z plane with the a-axis of SO, along

MNRAS 460, 3766-3771 (2016)
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Table 1. SO;-calculated energy levels (in cm™h).

Level JKaKe This work
1 000 0.0000
2 20 1.9120
3 I 2.3208
4 201 3.6975
5 313 5.3820
6 404 6.3601
7 413 8.3356
8 220 8.7469
9 322 10.6590
10 515 10.8864
11 4, 13.2258
12 60,6 13.3134
13 615 15.6140
14 504 16.3950
15 17 18.8247
16 33, 19.1968
17 624 20.2941
18 43, 21.7502
19 808 22.7267
20 726 24.6713
21 533 24.9425
2 817 255183
23 633 28.7760
24 919 29.1848
25 826 29.9882
26 735 33.2472
27 440 33.6930
28 100,10 34.5495
29 98 35.4777
30 S42 36.8845
31 1019 38.0265

ox. This conversion corresponds to the rotation of (0, I1/2, IT) Eu-
ler angles between the two coordinate systems. Using the rotated
Hamiltonian, our calculated rotational levels of SO, are identical to
those given in MADEX and agree very well with values deduced from
the JPL molecular spectroscopy catalogue of Pickett et al. (1998).
The calculated energies of the lowest 31 rotational levels of SO, are
given in Table 1.

The state-to-state rotational inelastic rates are the Boltzmann
thermal average at temperature " of state-to-state inelastic cross-
sections:

8k
R(B— ) = (ﬂ—;)

ol—

1\? [
(ﬁ) / 0 p(Ec)Ece™ "¢/ dEc,
0
3)

where k is the Boltzmann constant, E. is the kinetic energy,
B = jkaxc- Rate coefficients obey the detailed balance relation:

_@i+h {Eﬂ,_Eﬁ

RE =B =Gin® kT

} R(B— B) “

3 TESTS OF ACCURACY OF CS AND IOS DATA

3.1 Comparison of CS coefficients with CC data

In this section, the accuracy of the CS approximation is studied
by comparing the resulting rate coefficients with the CC values
(Cernicharo et al. 2011). These CC results showed that inclusion of
H»(jn,=2) has a negligible contribution to para-H, rate coefficients,
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Figure 1. Rate coefficients for SO, in collision with para- and ortho-Hp,
calculated with the CS approximation as function of full CC rate coefficients.
The black line indicates equal rate coefficients. Units are cm® s~

both sets of rates agree within a few per cent at the considered
temperatures. This confirms that, for heavy molecules with a high
density of rotational states, rotation—rotation processes are not effi-
cient with H, and calculations could be restricted to para-H, (j,=2)
and ortho-H(ju,=1) (Daniel, Dubernet & Grosjean 2011). It was
also found that ortho-para-H, differences are about a factor of 2
in average. This can be explained by analysing the angular expan-
sion of the PES. It was found (Spielfiedel et al. 2009) for R =
7.0 bohr (near the minimum of the isotropic term) that, except for
the isotropic term (0000), the dominant terms are the (2202) and
(3003) terms that are included for collisions with para-H>(jx,-o).
The dipole—quadrupole (1023) and quadrupole—quadrupole (2224)
terms, that are excluded for collisions with para-H, (jx,—o), are large
but not dominant.

From the same PES, basis set and energy grid, we have calculated
cross-sections and rate coefficients within the CS approximation.
Calculations performed with a larger SO, basis set (jmax = 17 and
Emax = 200 cm™!, i.e. 120 SO, rotational levels) have shown that
the inclusion of 72 SO, levels in the basis set (as used in the CC cal-
culations) is sufficient to obtain convergence better than 5 per cent
on the collisional rate coefficients.

Fig. 1 compares the CC and CS rate coefficients at 30 K for
collisions of SO, with para-H>(jx,—0,2) and ortho-H,(jy,=1). One
can observe that, for collision with para-H, as well as for ortho-H,,
the CC and CS sets of rates agree within a few up to 20 per cent,
according to the transition. This relatively good agreement is con-
firmed for other temperatures as shown in Fig. 2, which displays the
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Figure 2. Temperature variation of SO,-para-H, CS rate coefficients for
(from top to bottom) the 431 — 331 (red line), 431 — 42>(dark blue line),
533 — 431 (black line) and the 449 — 43;(light blue line) transitions com-
pared with CC results (dots). Units are rates in cm> s~!, temperatures in K.

temperature variation of the CC and CS para-H, and ortho-H, rate
coefficients for a selection of AK, = 0 and AJ = 0 transitions. We
also observe the temperature variation to be weak for temperatures
larger than 200 K. As previously found in CC calculations, we note
that AK, = 0 are the largest rates.

The comparison at 7= 30 and 100 K between the CS ortho- and
para-H, rates (see Fig. 3) shows the same trend as previously found
in the full CC approach: ortho-H, rate coefficients are larger than
para rates by a factor smaller than 2 in average. However, factors
up to 8 are found for some transitions identified mainly as AK, =
1 transitions. The same trend is found at higher temperatures.

3.2 Towards high temperatures: comparison between
CS and IOS rates

CS calculations were extended for energies up to 3000 cm™

in order to provide CS rate coefficients for temperatures up to
500 K. In Figs 4(a,b,c), the SO, IOS de-excitation rate coefficients
are compared to the corresponding CS para-H, coefficients for
T = 30, 100 and 300 K. From these results, it appears clearly
that the IOS approximation leads to a systematic underestimation
of para-H, rates by a factor of 3 to 4 in average at low tempera-
tures, with a better agreement (less than a factor of 2 in average)
for increasing temperatures as can be seen in Fig. 5 that displays
the temperature variation of the rate coefficients for a selection of
transitions. As expected, the agreement is not so good for collisions
with ortho-H,, the IOS approximation leading to a systematic un-
derestimation of the rates by a factor of 3 to 4 in average compared
to CS ortho-H, values.

These comparisons show that: (i) the CS approximation gives
reliable rate coefficients even at relatively large temperatures for the
transitions relevant to the first levels, (ii) the IOS approximation is a
possible alternative to obtain rate coefficients at high temperatures
and for high j-levels transitions for collisions with para-H,. As the
10S approximation only describes collisions with para-H,(ju, =0),

Collisional excitation of SO, by H, 3769

1 079 T T T

30K

10" L

ortho-H A rates (¢s)
3

10" L

10'13 1 1 1
10" 10" 10" 10" 10°
para-H, rates (€s)
10-9 T T T
100 K
.
10-10 [ . -
%)
e
3
Tﬂ’ 10-11 L B
o
o~
T
o
<
=] R
O 10" | tor. 4
13 L L L
10" 107" 0™ 10°

107" 1
para-H, rates (€s)

Figure 3. Comparison of ortho-H; and para-H, rate coefficients, calculated

using the CS approximation. Units are cm® s~

the IOS data are believed to be less accurate for collisions with
ortho-H,.

With a bending mode at 518 cm™' and symmetric and antisym-
metric stretching modes at 1151 and 1362 cm™!, respectively, one
can question the validity at high energies of the ‘rigid-body’ ap-
proach used in this study when SO, vibrational levels could be
excited. In recent works on He in collision with C3 (Stoecklin,
Denis-Alpizar & Halvick 2015) and HCN (Stoecklin et al. 2013),
Stoecklin and his colleagues investigate the effect of the coupling
between vibrational (bending) and rotational excitations. For the
very floppy Cs molecule, the coupling was shown to be important.
On the contrary, for the HCN molecule with a bending vibration
frequency relatively small but still large compared to the rotational
constant, the effect is almost negligible as long as the vibrational
modes are not excited (Stoecklin et al. 2013). In the case of SO,
with a very small rotational constant, one can consider that the cou-
pling with the bending mode does not affect the CS rate coefficients
at temperatures lower than 100 K as the maximum of the Boltz-
mann velocity distribution does not focus on high kinetic energies.
However, the coupling with the bending channels may deteriorate
the accuracy of the results at higher temperatures.

4 INELASTIC RATE COEFFICIENTS FOR
EXCITATION OF SO, BY H,
AT HIGH TEMPERATURES

State-to-state inelastic rate coefficients for excitation of SO, by
para- and ortho-H, were calculated within the CS approach for all

MNRAS 460, 3766-3771 (2016)
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Figure 4. SO, de-excitation rate coefficients in collision with para-H, cal-
culated with the IOS approximation as function of para-H, CS-rate coeffi-
cients at 30, 100 and 300 K. The black line indicates equal rate coefficients.
Units are cm® s71.

transitions involving the 31 lowest SO, levels and temperatures up
to 500 K. As discussed above, those data may be considered as
accurate within 20-30 per cent.

For higher temperatures and high-energy levels, 10S data are
provided for all the transitions involving the lowest 410 levels and
temperatures up to 1000 K. Those data give accurate rate coefficients
for collisions with para-H, within a factor better than 50 per cent. It
is important to underline that the temperature variation of these rate
coefficients is weak as can be seen in Fig. 6 that displays the rate
coefficients at 100 and 500 K for 100 transitions among the lowest
levels.

MNRAS 460, 3766-3771 (2016)
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Figure 6. De-excitation IOS rate coefficients at 7 = 100 K (full circles)
and 500 K (empty circles, dashed line) for the first hundred transitions as
function of the labelling of the de-excitation transitions. Units are rates in
cm? s~

The situation is not as good for collisions with ortho-H, as the IOS
approximation describes collisions with para-H,(jz, = 0) and does
not take into account all the angular couplings involved in collisions
with ortho-H,. However, it was found that the temperature variation
of ortho-H, rate coefficients is very similar to that obtained for
para-H, rates.

The complete sets of CS para and ortho-H, as well as 10S para-
H, (de-)excitation rate coefficients will be made available online
from the LAMDA'! and BASECOL? data bases.

! http://www.strw.leidenuniv.nl/~moldata/ (Schoier F. L. et al. 2005).
2 http://basecol.obspm.fr/ (Dubernet et al. 2013).
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The Quasi Classical Trajectory (QCT) method could be an alter-
native to investigate very high rotational levels as this approach can
describe at the same level collisions by para and ortho-H, (Faure
et al. 2007). A comparison at 7 = 30 K between the CC para-H,
and QCT rates (Feautrier et al. 2012) shows a relatively good agree-
ment between both results. The temperature variation of the rate
coefficients obtained through QCT calculations was also found to
be relatively flat, as suggested by the present CS and the I10S results.
Moreover, the ortho/para H, effects are found to be relatively small
(within error bars) at the QCT level, as shown within the present
CS data. These initial results need to be confirmed by extensive
calculations to come in future works.

5 SUMMARY - CONCLUSION

Using a very accurate SO,-H, 5D-PES, we have computed rate
coefficients for rotational excitation of SO, colliding with H; at high
temperatures. Two approximate quantum approaches were used: (i)
the CS approximation for collisions with both para and ortho-H,
in the temperature range 20-500 K; (ii) the IOS approximation
to provide rate coefficients at high temperatures (up to 1000 K)
and high j-levels. The first set of data (CS) gives state-to-state rate
coefficients for the lowest 31 levels of SO, and the second set of
data (IOS) provides de-excitation rates for all transitions involved
among the lowest 410 SO, levels.

From a comparison with previously published full CC rates, the
present CS rate coefficients agree with the CC data within 20—
30 per cent in average. By comparing CS and IOS data for collisions
with para-H,, it is shown that the IOS approximation underesti-
mates rate coefficients by a factor of 2 in average at low temper-
atures (30 K) but leads to a good estimate of the rate coefficients
at higher temperatures. As the IOS theory does not take into ac-
count all the angular momenta couplings present in collisions with
ortho-H,, this approach cannot describe these collisions. The com-
parison between ortho and para-H, CS rate coefficients shows that
ortho-H, rate coefficients are systematically larger than para-H,
rates by a factor of 2 in average. However, the temperature variation
of both rate coefficients is very similar. The present rates should be
useful in any detailed population model of SO, in warm and hot
environments.
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