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A B S T R A C T

A six-dimensional (6D) potential energy surface (PES) for the SO(X -HSO(X3 )-H2 system is computed using
high-level electronic structure theory and fit using a hybrid invariant polynomial method. Full-dimensional
quantum close-coupling scattering calculations have been carried out using this potential for rotational and, for
the first time, vibrational quenching transitions of SO induced by H2. State-to-state cross sections and rate
coefficients of SO are reported for rotational transitions from rotational levels j1 = 0–10 in the ground vibra-
tional state neglecting fine-structure. Some selected state-to-state rotational rate coefficients are compared with
previous theoretical results obtained using a rigid-rotor approximation. For vibrational quenching, state-to-state
and total cross sections and rate coefficients were calculated for the transitions in SO( =v j1,1 1) + H2( =v j0,2 2)

SO( =v j0,1 1) + H2( =v j0,2 2) collisions with j1 = 0–5. Cross sections for collision energies in the range 1 to
3000 cm−1 and rate coefficients in the temperature range of 5–600 K are obtained for both para-H2 ( j2 = 0) and
ortho-H2 ( j2 = 1) collision partners. The application of the results to astrophysics is discussed.

1. Introduction

Quantitative non-local thermodynamic equilibrium (NLTE) mod-
eling of molecular excitation and spectral synthesis of cool astro-
physical environments requires an extensive array of accurate mole-
cular collisional rate coefficients. In cold molecular clouds, molecular
collisions are the dominant factor in analysis of molecular emission and
absorption, and H2 is the most important collision partner because of its
large abundance. A large portion of the collisional data, particularly for
molecular vibrational excitations, are either currently unavailable or
the available data are insufficient to meet the demands required by the
modeling applications. However, due to the difficulty and complication
of direct measurements of the collisional rate coefficients, astrophysical
modeling mostly depends on theoretical calculations [1].

Sulfur monoxide (SO) was first observed in the interstellar gas by
Gottlieb and Ball [2] and in cold dark clouds by Rydbeck et al. [3].
Since then, SO has been widely observed in the Orion molecular cloud
[4], in low-mass star-forming regions [5], in high-mass star-forming
regions [6], and in massive dense cores [7]. Very recently, Meier et al.
[8] detected a significant number of sulfureted species, including CS
and SO, in the central kiloparsec of the nearby starburst galaxy NGC

253, based on observations taken with the Atacama Large Millimeter/
submillimeter Array. Using the IRAM 30 m telescope at Pico Veleta, SO
rotational transitions were detected towards the star-forming regions
W31C, G29.96-0.02, G34.3+0.1, W49N and W51 [9]. Velilla Prieto
et al. [10] investigated the physical and chemical properties of the
molecular envelope of the oxygen-rich asymptotic giant branch (AGB)
star IK Tau and identified for the first time rotational lines of SO.

As far as we know, no theoretical or experimental rovibrational
cross sections and rate coefficients of SO in collisions with H2 are
available. There have been a few theoretical studies of pure rotational
transitions. Rotational excitation rate coefficients among fine-structure
levels of SO in collisions with para-H2 were calculated by Green [11]
using a CS-H2 interaction potential with the reduced mass of SO-H2.
Lique et al. [12] computed a four-dimensional (4D) potential for the SO
(X3 )-H2 interaction using the restricted-spin coupled-cluster single-
double plus perturbative triple excitation [RCCSD(T)] [13] theory with
the aug-cc-pVTZ basis sets [14]. The potential was used in their scat-
tering calculations of SO with para-H2. However, the 4D potential was
reduced to a 2D potential by averaging over 2 and with the as-
sumption of H2 being a structureless particle. As a result, the global
minimum of the 2D potential is −93.81 cm−1 compared to the value of

https://doi.org/10.1016/j.chemphys.2020.110695
Received 23 October 2019; Received in revised form 2 January 2020; Accepted 22 January 2020

⁎ Corresponding author.
E-mail address: byang@uga.edu (B. Yang).

Chemical Physics 532 (2020) 110695

Available online 25 January 2020
0301-0104/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03010104
https://www.elsevier.com/locate/chemphys
https://doi.org/10.1016/j.chemphys.2020.110695
https://doi.org/10.1016/j.chemphys.2020.110695
mailto:byang@uga.edu
https://doi.org/10.1016/j.chemphys.2020.110695
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphys.2020.110695&domain=pdf


about −157.00 cm−1 of the 4D potential. Collisional excitation cross
sections and rate coefficients between the fine-structure states of SO
with para-H2 were performed at low temperatures using the averaged
2D potential. For scattering of vibrationally excited SO, rovibrational
excitation of SO in collision with He was studied using the vibrational
close-coupling rotational infinite order sudden (VCC-IOS) approxima-
tion [15]. Calculation of vibrational de-excitation rate coefficients of SO
from the first two vibrational levels were reported.

Full-dimensional quantum CC theory has been developed for
diatom-diatom scattering [16,17] and successfully used in the rovi-
brational collisions of diatom-diatom systems in full-dimensionality
[18–25]. Very recently Yang et al. [26] reported a full-dimensional
quantum calculation of scattering between HF molecules. Coupled-
states approximation calculations in 5D and 6D have also been per-
formed for vibrational excitations of diatom-diatom scattering [27–29].
Here we report the first full-dimensional interaction PES and the first
vibrational inelastic scattering calculations for the SO(X)-H2 system.
The paper is organized as follows. In Section 2 we briefly describe the
theoretical methods for the PES and scattering calculations. The results
in terms of inelastic cross sections and rate coefficients are presented in
Section 3. Astrophysical applications are discussed in Section 4. Section
5 summarizes the work and presents an outlook on future studies.

2. Theoretical methods

2.1. Potential energy surface computation and fit

We calculated the full-dimensional interaction potential of SO
(X3 )-H2 and described it by 6D Jacobi coordinates as shown in Fig. 1.
The resulting PES is a function of (R r r, , , , ,1 2 1 2 ), Where R is the
distance between the centers of mass of SO and H2, and r1 and r2 are the
bond lengths describing the vibration of SO and H2, respectively. The
angles 1 and 2, respectively, are the angles between r1 and R and r2

and R , and is the out-of-plane dihedral angle.
The ab initio PES computation was performed using the explicitly

correlated coupled-cluster (RHF-UCCSD(T)-F12b) method [30,31] with
the MOLPRO suite of computational chemistry codes [32,33]. All the
calculations employed aug-cc-pwCVQZ (for S and O atoms) and aug-cc-
pVQZ (for H atom) orbital basis sets [34–36], and the corresponding
MP2FIT auxiliary bases for density fitting and the aug-cc-pwCVQZ-RI
auxiliary bases [37,38] for the resolutions of the identify and density-
fitted Fock matrices for all orbital bases. No scaled triples correction
was used in the CCSD(T)-F12 calculation. The interaction PES was
corrected for basis set superposition error (BSSE) [39] using the
counter-poise (CP) [40] method. Benchmark calculations at this CCSD
(T)-F12 level were carried out on selected molecular configurations and
results were compared with those from the conventional CCSD(T)
method using aug-cc-pV5Z. The CP corrected interaction energy agrees
closely with those derived from CCSD(T)/aug-cc-pV5Z. In the PES

calculation R was chosen between 5.8 and 24.0 a0 and the bond dis-
tances are confined to r2.45 3.351 a0 and r1.05 2.272 a0, where
a0 = 0.529× 10 10 m is the Bohr radius.

The 6D SO-H2 interaction potential, referred to as VSOH2, was fitted
using a two-component method to combine a fit to the full ab initio data
set (denoted VI) and a fit to the long-range data (denoted VII) and is
given by

= +V s V sV(1 ) .I II (1)

The switching function s is given by
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where =b R R R R( )/( )i f i , =R 9.0i a0 and =R 12.0f a0 are the lower
and upper bound of the switching region, respectively. Both VI and VII
are expanded in the form
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and are fit in 6D using a permutationally invariant polynomial method
[41,42], where =y d pexp( / )i i are Morse-type variables and p is a user-
specified parameter with =p 2.0 a0 for VI and =p 7.0 a0 for VII. The
parameters di are the internuclear distances between two atoms and
defined as = = =d d d d d d, ,1 SO 2 SH 3 SH, = =d d d d,4 OH 5 OH and

=d d6 HH. The powers n n, ,1 6 satisfy + +n n 71 6 and
+ + +n n n n 02 3 4 5 . The interaction potential is guaranteed to ap-

proach zero when SO and H2 are infinitely far apart for all r1 and r2. The
total number of fitted linear coefficients Cn n1 6 is 882, and these coef-
ficients were determined via linear least-squares fitting using the soft-
ware MSA [43]. The root mean square (RMS) error in the long range fit
VII is 0.062 cm−1, for VI the RMS error is 14.20 cm−1.

The R dependence of VSOH2 PES is shown in Fig. 2 for
( , , )1 2 = (0°, 0°, 0°), (180°, 0°, 0°), (180°, 90°, 0°), and (90°, 90°,
90°). It is shown that VSOH2 has a depth of −157.58 cm−1 at the
collinear structure with the O atom towards H2 and =R 7.72 a0. In
Fig. 3 we presented cuts of the SO-H2 interaction PES as a function of R
for 1 = 0°, 90°, 180° for the geometries of H2 along the z, x, and y axes
of the Cartesian coordinates and SO placed along the Oz axis. The bond
separations are =r 2.801 a0 and =r 1.452 a0. The comparison between
the cuts of VSOH2 and that of the 4D PES of Lique et al. [12] exhibit
good agreement. Fig. 4 displays a two-dimensional contour plot of the
VSOH2 PES in 1 and 2 space for =R 7.70 a r,0 1 = 2.80 a r,0 2 = 1.45

Fig. 1. The six-dimensional Jacobi coordinates for the SO-H2 system.

Fig. 2. The R dependence of the SO-H2 interaction potential, VSOH2 for
( , ,1 2 )= (0°, 0°, 0°), (180°, 0°, 0°), (180°, 90°, 0°), and (90°, 90°, 90°). The
bond lengths of SO and H2 are fixed at the equilibrium value and the vi-
brationally averaged value in the vibrational ground state, respectively.
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a0, and = °0 . In Table 1 the global minimums of 4D PESs of VSOH2
and Lique et al. [12] are compared.

2.2. Scattering calculation

We used the TwoBC code [44] to perform the full-dimensional CC

scattering calculations for SO(X3 ) due to ortho- and para-H2 colli-
sions. The spin-rotation coupling is ignored in the scattering calcula-
tions. The reader is referred to Refs. [21,45] for the methodology of the
full-dimensional diatom-diatom rovibrational scattering. In the scat-
tering calculations the angular dependence of the interaction potential
VSOH2, V R r r( , , , , , )1 2 1 2 , is expanded in the form [46],

= ×V R r r A r r R Y r r R( , , , , , ) ( , , ) ( , , ),1 2 1 2 1 2 1 2
1 2 12

1 2 12 1 2 12
(4)

where Y 1 2 12 is a bi-spherical harmonic function [24]. Terms 0 81
and 0 42 are used to expand the interaction potential. Due to the
symmetry of H2, only even 2 terms are retained.

We use v j( , )1 1 and v j( , )2 2 to describe the rovibrational states of SO
and H2, respectively, where vi and ji ( =i 1, 2) are the vibrational and
rotational quantum numbers. For combination of rovibrational states
for SO v j( )1 1 and H2 v j( )2 2 , a combined molecular state (CMS) [45]
notation, = v j v j( )1 1 2 2 is used. The coupled scattering equations are
solved using the CC method as implemented in TwoBC. The state-to-
state rovibrational excitation cross section can be computed as a func-
tion of the collision energy Ec,
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where S E( )l l
J

c,
I is the scattering S-matrix, l is the orbital angular mo-

mentum quantum number, and the quantum number J denotes the total
angular momentum, = +J l j12, with = +j j j12 1 2 . The wave vector

=k µE2 /c
2 .

The total quenching cross section of SO from initial CMS
v j v j v v j( ) ( ; )1 1 2 2 1 2 2 can be calculated by summing the state-to-state
cross sections over the j1 states of SO in state v1 ,

=E E( ) ( ).v j v j v v j c
j

v j v j v j v j c;1 1 2 2 1 2 2
1

1 1 2 2
1 1 2 2

(6)

The state-to-state rate coefficients at temperatures T are obtained by
integrating the state-to-state cross section v j v j v j v j1 1 2 2

1 1 2 2 over colli-
sion energy (Ec),

= × ×k T
µ

E E E dE( ) 8 ( ) exp( ) ,c c c c

1/2
2

0 (7)

where µ is the reduced mass of the SO-H2 system, = k T( )B
1, and kB is

Boltzmann’s constant.
In the full-dimensional quantum scattering calculations we use the

log-derivative matrix propagation method of Johnson [47] to propagate
the CC equations from =R 4.5 a0 to 24 a0. In Table 2 the numbers of
Gauss-Legendre quadrature points in 1 and 2, Chebyshev quadrature
points in , and Gauss-Hermite quadrature points N N,r r1 2 are listed. The
monomer potentials of Qian et al. [48] and Schwenke [49] are applied
to calculate the rovibrational levels of SO and H2, respectively.

Fig. 3. Cuts of the SO-H2 interaction PESs as a function of R. Lines are for the
present VSOH2 PES and symbols are for the 4D PES of Lique et al. [12]. See text
for further details.

Fig. 4. Contour plots of the potential VSOH2 as a function of 1 and 2 for
r1 = 2.80 a r,0 2 = 1.40 a R,0 = 7.70 a0, and = 0°.

Table 1
Global minimum of SO-H2 PESs.

PES Well depth (cm−1) R (a0) 1 2 r1 (a0)c r2 (a )0
c

VSOH2 −152.44 7.72 °0 °0 °0 1.40 2.80
VSOH2 −157.58 7.72 °0 °0 °0 1.45 2.80

Lique et al.a −154.27b 7.75b °0 °0 °0 1.45 2.80

a Lique et al. [12]. b Digitized from Fig. 1 of Lique et al. c H2 equilibrium bond
length is 1.4011 a0 and vibrational averaged bond length in ground vibrational
state is 1.4487 a0. Equilibrium bond length of SO is 2.80 a0.
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3. Results and discussion

3.1. Pure rotational de-excitation

We first use the 6D VSOH2 PES to calculate rotational de-excitation
cross sections of SO ( j1) in collision with H2 ( j2), j2 = 0 and 1 for para-
H2 and ortho-H2, respectively. Both SO and H2 are in their ground vi-
brational states, i.e, rotational transitions are j j j j(0 0 ) (0 0 )1 2 1 2 .
Full-dimensional scattering calculations were carried out for the initial
rotational states of SO =j 1 51 and collision energies from 1 to
3000 cm−1. We include sufficient number of partial waves in the
scattering calculations to ensure the convergence of the state-to-state
integral cross sections. For the rotational basis included in the calcu-
lations, we performed convergence test with respect to para-H2 basis
including j2 = 0, 2, and 4. Well converged cross sections were obtained
for the para-H2 basis with inclusion of j2 = 0 and 2. In Table 2 we
provide the input TwoBC parameters used in the scattering calculations.
From previous diatom-diatom collision studies, we find that =R 24max
a0 is sufficient to converge the cross section, for collision energies
greater than 1 cm−1.

Fig. 5 shows the rotational cross sections of SO from initial state
j1 = 4 and 6 in collisions with ortho-H2 ( j2 = 1) and para-H2 ( =j 02 )
for quenching transitions j j1 1 . We can see that the quenching cross
sections for para-H2 collider display richer resonance structures than
the cross section for ortho-H2. The resonances occur at collision en-
ergies below about 60 cm−1 and are due to the van der Waals well of
the PES. In the whole energy range considered, the rotational
quenching cross sections are dominated by = =j j j 11 1 1 transition
and the j 01 transition is the smallest for both initial states j1 = 4
and 6. For SO in collision with ortho-H2, following the energy-gap law,
the state-to-state cross section increases with increasing j1 . One ex-
ception is that the cross sections for transitions =j 6 21 and

=j 6 11 merge together above 300 cm−1. For collisions with para-H2

and =j 41 , the trend found for ortho-H2 cross sections is generally
followed except for collision energies below 40 cm−1, where the re-
sonances mix the magnitude of the cross sections of the =j 4 21 and

=j 4 11 transitions. For quenching from =j 61 , however, the general
trend is not clear, and the energy-gap law behavior can only be ob-
served for collision energies above ~ 500 cm−1.

Fig. 6 presents the total rotational quenching cross sections of SO
from initial states =j 1 101 for colliders ortho-H2 ( =j 12 ) and para-
H2 ( =j 02 ). We can see that for both ortho- and para-H2 the resonances
shown in the state-to-state quenching cross sections can also be ob-
served in the total quenching cross sections, particularly in the initial

=j 11 state. These resonances disappear for energies greater than ~80
cm−1. Moreover, the total quenching cross sections of ortho-H2 show
more resonance structure than para-H2. For ortho-H2, generally the
total rotational quenching cross sections increase with increasing initial
j1 and the cross sections decrease with increasing collision energy over
the whole energy range. While for para-H2, due to the resonances at

collision energy below ~30 cm−1, no obvious trend can be observed for
the cross sections of >j 21 . While for collision energy above 30 cm−1,
the total quenching cross sections show similar trends as found for
ortho-H2.

We show in Fig. 7(a)–(d) the rate coefficients as a function of
temperature for rotational quenching of SO from j1 = 3 and 5 induced
by ortho- and para-H2 collisions, respectively. Over the whole tem-
perature range of 5 to 600 K, the =j 11 transition is dominant for all
initial states. For collider ortho-H2, both j1 = 3 and 5 show the same
trend that the rate coefficients increase with increasing j1 over the
whole temperature range. Initial j1 = 3 of SO with collider para-H2

show similar trends. However, j1 = 5 with para-H2 does not show such
an obvious trend. Due to the different resonance structures in the state-
to-state cross sections, the rate coefficients show different behaviors at
temperatures below 100 K. It also can be noted that except for the
transition =j 3 01 , the rate coefficients of nearly all transitions in-
crease slowly with increasing temperature for temperature above
100 K.

Lique et al. [12] reported collisional rate coefficients between the
fine-structure levels of SO due to para-H2 collisions, but used a 2-di-
mensional PES obtained by averaging the 4D PES over 2 and . The
well depth of the averaged 2D PES is 93.81 cm−1 compared to the
well depth of ~ 155 cm−1 for their 4D PES and −157.58 cm−1 ob-
tained for VSOH2. In their scattering calculations, para-H2 was treated
as a structureless target. To compare our rotational rate coefficients
rj j1 1 with the fine-structure rate coefficients rj F j F1 1 of Lique et al.
[12], the following statistical averaging relation was adopted,

=
+ +

+ +
r

r F F

F F

(2 1)(2 1)

(2 1)(2 1)
.j j

FF
j F j F

FF

1 1

1 1

(8)

In Fig. 8 the state-to-state rate coefficients for deexcitation from SO
initial state =j 51 and 10 for =j j j1 1 1 = 1–5 are compared for
para-H2 collisions. For =j 51 , except the transition to =j 01 which
shows very good agreement between our rate coefficient and the results
of Lique et al., the rate coefficients for other transitions differ by a
factor of 5–10 with no clear trend. On the other hand, from Fig. 8 (b) we
can see that reasonable agreement is shown between our rate coeffi-
cients and those of Lique et al. This suggests that for relatively high j1,
the fine-structure changing transitions approach a statistical equili-
brium description.

3.2. Vibrational quenching

Our main focus of this paper is to report the vibrational quenching
cross sections and rate coefficient of SO in collisions with ortho- and
para-H2. The rovibrational scattering calculations were carried out
using the TwoBC code with the full-dimensional close-coupling theory.
We calculated the state-to-state quenching cross sections for the rovi-
brational transitions SO(v1 = 1, j1)+H2(v2 = 0, j2) SO( =v j0,1 1 ) +
H2( =v j0,2 2), i.e., j j j j(1 0 ) (0 0 )1 2 1 2 . In the calculations, initial
rotational states j1 = 0–5 were selected and final rotational levels in v1
are j1 = 0, 1, 2, , 35. Only the pure rotational excitations of H2 within
its ground vibrational =v 02 state were considered. The initial and final
rotational levels of H2 are j2 = 0 and j2 = 0 and 2 for para-H2, while for
ortho- jH ,2 2 = 1 and j2 = 1 and 3. We provide in Table 2 the basis sets
applied in the scattering calculations. The vibrational quenching cross
sections are reported for collision energies between 1 and 3000 cm−1.

Examples of the state-to-state rovibrational quenching cross sections
from initial CMS (1000) and (1001) into selected final rotational states
in =v 01 , j1 = 0, 5, 10, 15, 20, 25, 30, and 35 are given in Fig. 9.
Meanwhile, the total vibrational quenching cross sections are also dis-
played for colliders para-H2 and ortho-H2, respectively. These cross
sections correspond to H2 elastic transitions, i.e., =j j02 2 = 0 for
para-H2 and =j j12 2 = 1 for ortho-H2. We can see from Fig. 9 that a

Table 2
TwoBC parameters used in the scattering calculations.

Basis set 1 2 N 1(N 2) N Nr1(Nr2) JTOTmax
b

6D Rotation
para-H2-SO = =j j30, 0, 21

max
2 8 4 12 8 18 160

ortho-H2-SO = =j j30, 1, 31
max

2 8 4 12 8 18 160

6D Rovibration
para-H2-SO [(0,35;1,20)(0,2)]a 8 4 12 8 18 160
ortho-H2-SO [(0,35;1,20)(0,3)]a 8 4 12 8 18 160

a Basis set [( = == =v j v j0, ; 1,v v1 1 0
max

1 1 1
max )( = =v j0, v2 2 0

max )] is presented by the max-
imum rotational quantum number jv1

max and jv2
max included in each relevant vi-

brational level v1 and v2 for SO and H2, respectively. b Maximum value of total
angular momentum quantum number J used in scattering calculations.
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large number of resonances are observed in the cross sections at low
collision energies for both para-H2 and ortho-H2 colliders and the re-
sonances persist to higher collision energies up to ~200 cm−1 with
increasing final j1 . In addition, one can note that the state-to-state and
total quenching cross sections increase with collision energy for en-
ergies above ~ 200 cm−1. In general, the state-to-state cross sections for
j 201 display similar resonance structures and energy dependence.

The quenching cross section values for j1 = 20, 25 and 30 range from
two to ten orders of magnitude smaller than the transitions for <j 201
for collision energies below 300 cm−1 for both para- and ortho-H2.
However, for collision energies above 300 cm−1, these cross sections
increase rapidly with collision energy ultimately merging together at an
energy of 3000 cm−1. Finally, it should be noted that the vibrational
quenching cross sections are several orders of magnitude smaller than
the pure rotational quenching cross sections. Because vibrational
quenching is very slow, the scattering SO-H2 complex may be trapped
in excited vibrational states with long lifetimes [50,51]. This appears to
result in a more complicated resonance structure for vibrational
quenching cross sections (compare Figs. 5 and 9).

Fig. 10(a) and (b) compare the final rotational distribution of SO in
=v 01 for quenching from initial CMSs (1000) and (1001), respectively,

at collision energy of 1.0 cm−1. We can see that the final rotational
distributions are broad expanding from 0 to 22 for para-H2 and to 25 for
ortho-H2; here the transitions with cross section smaller than 10 5 Å2

are not shown. Generally, the distribution is dominated by final
=j 5 81 for para-H2 and j1 = 4, 5, 11, and 12 for ortho-H2. The

distributions fall off quickly above j1 = 20. While between j1 = 11 and
18 the distribution shows some fluctuation, but only for para-H2.

We calculated the total vibrational quenching cross section of SO
from =v 11 to =v 01 using Eq. (6). These total quenching cross section
have been obtained for elastic and inelastic rotational transitions in H2.
Fig. 11(a) and (b) show the collision energy dependence of the total

= =v v1 01 1 quenching cross section of SO in collision with para-H2

from CMSs (1000) and (1300). The results are presented for elastic
( = =j j0 02 2 ) and inelastic ( = =j j0 22 2 ) transitions of H2. We
can first observe the resonances at collision energies below 50 cm−1.
While the total vibrational cross sections for initial CMSs (1000) and
(1300) display similar energy dependencies, the cross sections for

=j 0 22 transition are larger than that for =j 0 02 transition at

Fig. 5. Rotational state-to-state de-excitation cross sections for SO( j1) + H2( j2) SO ( j1) + H2( j2), j1 = 4 and 6, <j j1 1. (a) and (b): SO in collision with ortho-
= =j jH , 12 2 2 ; (c) and (d): SO in collision with para- = =j jH , 02 2 2 .

Fig. 6. Total rotational de-excitation cross sections for SO( j1) from initial states
j1 = 1, 2, , 10 (from bottom to top at high energy). (a) SO in collision with
ortho- = =j jH , 12 2 2 ; (b) SO in collision with para- = =j jH , 02 2 2 .
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energies smaller than 400 cm−1. For high energies, the H2 elastic
transition becomes the larger one and the difference increases with
increasing collision energy. For ortho-H2 collider and initial CMSs
(1001) and (1301), similar to the case of para-H2, Fig. 11(c) and (d)
show that the total quenching cross sections for inelastic
( = =j j1 32 2 ) transition are about a factor of two larger than its
elastic counterpart for energies below ~200 cm−1. For energies greater
than ~200 cm−1, the cross section for H2 =j 1 12 transition becomes

increasingly dominant. However, the inelastic cross sections to =j 22
or 3 may not be fully-converged as they are the top states in our H2

bases.
The state-to-state and total vibrational quenching rate coefficients

of SO(v1 = 1, j1) due to collisions with ortho- =jH ( 1)2 2 and para-
=jH ( 0)2 2 were also calculated for =j 0 51 and j1 = 0, 1, 2, , 35.

Both H2 elastic and inelastic transitions were considered. Fig. 12(a) and

Fig. 7. Rotational state-to-state de-excitation rate coefficients from initial j1 = 3 and 5 of SO in collision with (a) and (b) ortho-H2( j2 = 1), and (c) and (d) para-
H2( j2 = 0).

Fig. 8. Rotational state-to-state de-excitation rate coefficients compared with
Lique et al. [12] for SO in collision with para-H2( j2 = 0) from initial state (a)
j1 = 5 and (b) j1 = 10. The results from Lique et al. have been averaged over
fine-structure levels.

Fig. 9. Vibrational state-to-state and total quenching cross section for transi-
tions SO(v1 = 1, j1 = 0) + H2( j2) SO (v1 = 0, j1) + H2( j2), j1 = 0, 5, 10, 15,
20, 25, 30, and 35. (a) para-H2( j2 = 0) and initial state (1000), (b) ortho-
H2( j2 = 1) and initial state (1001).
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(c) show the total vibrational quenching cross sections and rate coef-
ficient for para-H2 and ortho-H2 and =j 0 51 . For the total quenching
cross sections, we can see that numerous resonances are observed at
energies below ~30 cm−1, particularly for =j 01 , 1, and 2, while the
resonances are suppressed with increasing j1. Also, in all cases, the cross

sections show qualitatively the same energy dependence. From
100 cm−1 the cross sections increase rapidly with energy. For either
para-H2 or ortho-H2 the total quenching cross sections from all initial
rotational levels in v1 = 1 have very similar magnitude. The total vi-
brational quenching rate coefficients from j1 = 0–5 are plotted in
Fig. 12(b) and (d). Due to the different resonance structures in the total
vibrational quenching cross sections, the total vibrational quenching
rate coefficients show different behavior, but generally, they decrease
initially and then increase with temperature.

Finally, Fig. 13 compares the total vibrational quenching rate
coefficients of SO-H2 for CMS (1000) to ( =v 01 ) and j2 = 0, and CMS
(1001) to ( =v 01 ) and j2 = 1 with that of CO-H2 (Ref.[21]), SiO-H2

(Ref.[24]), and CS-H2 (Ref.[25]). A similar comparison of total vibra-
tional rate coefficients was also made in Ref.[25]. Fig. 13 shows that the
rate coefficients generally increase with the well-depth of the interac-
tion potential: 93 (CO-H2), 162 (CS-H2), 279 (SO-H2), and 292 cm−1

(SiO-H2).

4. Astrophysical applications

As discussed in the Introduction, a quantitative modeling of astro-
physical phenomena from submillimetre and infrared observations re-
quires detailed knowledge of molecular collisional rate coefficients over
a wide range of temperatures and levels for systems of astrophysical
interest. In spite of the progress in experiments and computation to
provide molecular collisional data, there is still a significant lack of
collisional rate coefficients for astrophysical modeling, especially for
scattering systems of four and more atoms and involving vibrational
excitation.

Sulfur monoxide is commonly detected in cold dense regions with
abundances about 10 9 [52]. A 3 mm line survey was performed by
Agúndez et al. [53] for the optically dark cloud core L483 located in the
Aquila Rift star-forming region. SO and its isotopic species were

Fig. 10. Distribution of final rotational states in =v 01 for vibrational
quenching of SO(v1 = 1, j1 = 0) + H2( j2) SO (v1 = 0, j1) + H2( j2), j1 = 0, 1,
2, , 25 at 1 cm−1. (a) para-H2( j2 = 0), (b) ortho-H2( j2 = 1).

Fig. 11. Total vibrational quenching cross section for transitions SO(v1 = 1, j1) + H2( j2) SO (v1 =0) + H2( j2). (a) Initial CMS (1000), j2 = 0 and 2; (b) initial CMS
(1300), j2 = 0 and 2; (c) initial CMS (1001), j2 = 1 and 3; (d) initial CMS (1301), j2 = 1 and 3.
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detected. Loison et al. [54] reported a gas-grain model for sulfur and
oxygen isotopic fractionation in cold cores. The S16O/S18O ratio was
predicted and shown to be used as a sensitive chemical proxy for matter
evolution in dense molecular clouds. Spectroscopic constants were
measured by Lattanzi et al. [55] for SO and its isotopologues. Their

measurements were also used in an isotopically invariant fit with pure
rotational and ro-vibrational transitions for all of the SO isotopologues.
Martin-Drumel et al. [56] measured the spectroscopic characterization
of SO and its isotopologues and performed an isotopically invariant fit
based on pure rotational and ro-vibrational transitions of all SO iso-
topologues. Observation of SO towards the transitional disks AB Auriga
[57] and DM Tau [58] were reported, and SO was the second S-bearing
molecule detected in a protoplanetary disk (PPD) after CS. As predicted
by Martin-Drumel et al. [56], their spectroscopic parameters of the ro-
vibrational lines with high accuracy could enable the study of SO in the
mid-IR using ground-based telescopes, space-based telescopes (Infrared
Space Observatory (ISO), Spitzer), and the future observational facil-
ities such as the James Webb Space Telescope (JWST).

Vibrationally excited molecules, which are excited by collision or
radiation, can be employed to investigate astrophysical environments
with high gas densities and temperatures. SO vibrational bands will be
accessible by JWST. In PPDs, SO vibrational lines probe the inner warm
regions which are exposed to the UV radiation from the protostar. Our
rovibrational cross sections and rate coefficients of SO in collisions with
H2 based on the full-dimensional quantum CC calculation will be able to
provide accurate data for future modeling of protostars, the infrared
sources, and future FIR and submillimeter observations.

5. Summary

Full-dimensional quantum close-coupling calculations of rotational
and vibrational quenching of SO(X3 ) in collisions with H2 have been
carried out on a 6D potential energy surface. The PES was constructed
based on high-level electronic structure calculation and a hybrid in-
variant polynomial fit. State-to-state and total cross sections and rate
coefficients for rotational and rovibrational transitions in SO are pre-
sented for elastic and inelastic rotational transitions in para- and ortho-

Fig. 12. Total cross sections and rate coefficients for the vibrational quenching of SO from CMSs (1 j10 j2). j1 = 1, 2, , 5 and =j j2 2. Upper panels are for para-H2,
lower panels are for ortho-H2.

Fig. 13. Total rate coefficients for the vibrational quenching of SO compared to
the same transitions for CO from Ref.[21], SiO from Ref.[24], and CS from Ref.
[25]. (a) from (1000) to v1 = 0 + para-H2(v2 = 0, j2 = 0). (b) from (1001) to
v1 = 0 + ortho-H2(v2 = 0, j2 = 1).
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H2. The state-to-state rotational rate coefficients of SO with para-H2 are
compared with the rigid-rotor approximation calculations of Lique et al.
[12] using an averaged 2-dimensional potential surface. We report here
for the first time the vibrational quenching cross sections and rate
coefficients of SO from v1 = 1, =j 01 –5. A large number of resonances
were observed for both rotational and vibrational quenching transitions
at low collision energies. Our computed rate coefficients will be useful
for astrophysical modeling. In future work, we will extend our present
calculations to higher vibrational ( >v 11 ) and rotational states ( >j 51 )
of SO and include fine-structure resolution using quantum close-cou-
pling methods and the coupled-states approximation.
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