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The SO2 molecule is detected in a large variety of astronomical objects, notably molecular clouds
and star-forming regions. An accurate modeling of the observations needs a very good knowledge
of the collisional excitation rates with H2 because of competition between collisional and radiative
processes that excite and quench the different rotational levels of SO2. We report here a
five-dimensional, rigid-body, interaction potential for SO2–H2. As a first application, we present
rate constants for excitation/de-excitation of the 31 first levels of SO2 by para-H2 at low
temperatures. Propensity rules are discussed. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3158357�

I. INTRODUCTION

From its first detection in interstellar space in 1975,1 SO2

has been detected in a great variety of astronomical objects.
SO2 is an abundant species in warm molecular clouds and in
circumstellar envelopes of evolved stars. It has also been
detected in dark and cold clouds.2 A detailed study3 of the
L134N dark cloud from observations of emission of various
molecules including SO2 shows large abundance variations
of this species, according to the position in the cloud. How-
ever, such study in terms of physical and chemical conditions
is based on statistical equilibrium calculations where colli-
sional coefficients and radiative rates come from previously
published data. By taking into account the sensitivity of the
radiative transfer models to the collisional rate coefficients
and their accuracy on the interpretation of observed
spectra,4–6 it is of a great importance to provide accurate
collisional excitation cross sections with para- and ortho-H2

for most of the interstellar molecules. Until now, the only
available rate coefficients of SO2 were those computed by
Green7 for collisions with He multiplied by 1.39 to correct
for the velocity difference between H2 and He. Moreover,
these excitation rates were calculated within the infinite or-
der sudden approximation �IOS� scattering approach based
on a rather approximate potential-energy surface �PES�.
Even though, several recent papers8–10 show that rate coeffi-
cients for heavy molecules in collision with para-H2�J2=0�
and He are of the same order of magnitude, with correcting
factors between 0.3 and 3, but with no systematic trends.
This is insufficient for an accurate modeling, especially at
low temperatures when low-energy resonances contribute to
the rate coefficients.

A very good knowledge of state-to-state collisional ex-
citation rates requires first an accurate description of the
SO2–H2 interaction given by the PES. In the present study,
we have computed a five-dimensional PES allowing for all
the relative orientations of the two collision partners. Then,
cross sections and rate coefficients for temperatures up to 30
K were calculated in a full close-coupling approach and col-
lisional propensity rules are investigated. A comparison of
the para-H2�J2=0� rate coefficients with the previous results
for He obtained by Green7 is presented for T=25 K.

The paper is organized as follows. Section II describes
details of the PES calculations. The scattering calculations
are presented in Sec. III; rate coefficients for collisions with
para-H2 are given in Sec. IV, and conclusions are drawn in
Sec. V. The following units are used: bond lengths and dis-
tances in Bohr, angles in degrees, energies in cm−1, cross
sections in Å2, and rate coefficients in cm3 s−1.

II. PES

A. Computational strategy

For rotational excitation at energies lower than the
threshold for excitation of the vibrational modes of SO2, the
collision partners may be approximated to be rigid, in order
to keep the number of degrees of freedom as small as pos-
sible. Previous studies have suggested that properly averaged
molecular geometries provide a good approximation of the
PES averaged over vibration.11–13 Accordingly, we used the
H2 bond separation rHH=1.449 bohrs obtained by averaging
over the ground-state vibrational wave function. For SO2, as
vibrational wave functions are not available, we used the
molecular constants of Lovas.14 The bond length is rSO

=2.706 bohrs and the OŜO angle is 119.5°.
We used the conventions of Phillips et al.15 in defining

the SO2–H2 intermolecular potential. As illustrated in Fig. 1,
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the rigid-body PES involves five coordinates: The collision
coordinate R� , i.e., the vector from SO2 center of mass to H2

center of mass, described by the spherical polar coordinates
�R ,� ,��, where R is the radial distance, � is measured from
the z axis and � is measured from the xz plane, and the
��� ,��� angles that describe the H2 orientation relative to the
SO2 molecule in the body-fixed system.

In terms of these relative coordinates, the intermolecular
potential can be written as13,15

V�R,�,�,��,��� = �
l1m1l2l

vl1m1l2l�R�t̄l1m1l2l��,�,��,��� ,

�1�

where t̄l1m1l2l�� ,� ,�� ,��� is the normalized spherical tensor,

t̄l1m1l2l��,�,��,���

= �l1m1l2l�1 + �m10�−1�
r1r2

� l1 l2 l

r1 r2 r
�Yl2r2

���,���Ylr��,��

���m1r1
+ �− 1�l1+m1+l2+l�−m1r1

� , �2�

with the normalization factor13

�l1m1l2l = �2�1 + �m10�−1�2l1 + 1�−1�−1/2. �3�

In this expansion, the homonuclear symmetry of H2 con-
strains l2 to be even. The C2v symmetry of SO2 further re-
quires that m1 be even. The additional requirements that the
potential is invariant with respect to the inversion of all co-
ordinates through the origin �parity invariance� also restrict
the sum l1+ l2+ l to even integers. However, it has been
demonstrated,16 by providing counterexamples, that this re-
striction is actually not required by fundamental spatial sym-
metry. It was also shown numerically, in the case of
H2O–H2

13, that functions with l1+ l2+ l odd are small but not
negligible. These functions were consequently included in
the present study.

We used a supermolecular approach for all the interac-
tion energy calculations. Calculations were performed at the
CCSD�T� level17,18 with seven frozen core orbitals, using the
MOLPRO 2006 package.19 The resulting energies ESO2–H2

were
corrected from the basis set superposition error following the
usual counterpoise correction method20 �Eq. �4��, where ESO2
and EH2

are the energies of the SO2 and H2 subsystems,
respectively, computed with the full SO2–H2 basis set,

V�R,�,�,��,��� = ESO2–H2
�R,�,�,��,���

− ESO2
�R,�,�,��,���

− EH2
�R,�,�,��,��� . �4�

Converged results were obtained for the radial R grid
including 37 regularly spaced distances between 3.50 and
12.50 bohrs, seven regularly spaced distances between 13.0
and 16.00 bohrs, and five points at 17.00, 18.00, 20.00,
25.00, and 30.00 bohrs. The grid points for the angular co-
ordinates of H2 relative to SO2 were chosen for each inter-
molecular distance R via random sampling.13

Following a strategy developed for the H2O–H2

system,13 the SO2–H2 PES is computed using a three step
procedure with set of ab initio calculations denoted by “r,”
“d,”and ”t.”

�1� The r set provides a reference surface �Vref� calculated
from a large number of medium accuracy calculations
using the aug-cc-pVDZ basis set of Woon and
Dunning21 and bond functions of William et al.22

placed according to23

Rb = R + 0.5
�ij

�wijrij�

�ij
�wij�

, �5�

where wij =rij
−6 with rij =Rj −Ri. R is the distance be-

tween the centers of mass of SO2 and H2, Ri denotes
the position of the Hi atom �i=1,2�, and Rj denotes the
position of each atom j in SO2.

�2� The d set provides a surface denoted Vd calculated from
a smaller number of angular geometries with the same
aug-cc-pVDZ basis set and bond functions of William
et al.22 located at the center of gravity of the two col-
lision partners to minimize steric hindrance of H2 by
SO2 at small distances. The new position of the bond
functions is given by

Rb = 0.5
�ij

wij�Ri + Rj�

�ij
�wij�

. �6�

�3� The t set provides a surface denoted Vt calculated using
the more accurate aug-cc-pVTZ basis set21 augmented
by the bond functions of William et al.22 placed at the
same positions as in the d set.

This strategy of splitting the calculations into several
levels of accuracy was made necessary by the large compu-
tational resources required by aVTZ calculations.

z
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�
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FIG. 1. Five-dimensional body-fixed coordinate system used to describe the
interaction between SO2 and H2. The SO2 molecule lies in the xz plane. The
orientation of the collision coordinate R and the orientation of H2 are both
described with respect to the SO2-fixed axes by the polar angles �� ,�� and
��� ,���, respectively.
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B. CCSD„T… PES and global fit

The PES was expanded in terms of a complete orthogo-
nal set of angular functions for any intermolecular distance R
�see Eq. �1��. To obtain convergence of this expansion �see
below�, we have performed extensive calculations compris-
ing, for each of the 49 intermolecular distances, 8074 ran-
dom angles for the r set and 520 and 500 sets of angles for
the d and t sets, respectively. For set r which provides a
reference PES, Vref, the large number of calculated geom-
etries permits to converge the angular expansion to an excel-
lent accuracy at all distances. Sets r, d, and t contain 500
common geometries, whose corresponding energies are used
to improve the accuracy of the reference PES. From d and t
sets, a complete basis set �CBS� extrapolation of the interac-
tion was performed leading to a new surface denoted “dt.”
For this extrapolation, the SCF contribution is taken from the
t set and is not extrapolated. The correlation contribution was
extrapolated as 1 /x3, where x=2,3 for aVDZ and aVTZ ba-
sis sets, respectively. The “d-r” energy differences provide a
correction for the bond function positions which are better
localized in d calculations as the formula respects the sym-
metry between the two molecules. The results show that this
correction is significantly smaller �an order of magnitude�
than the CBS correction. The global “dt-r” PES correction is
also expected to be less anisotropic than the reference PES.
This point, which was verified a posteriori, permits to
achieve a fair convergence of the corresponding angular ex-
pansion of the PES correction �denoted �corr� with 500 ge-
ometries only. To summarize, the final intermolecular poten-
tial can be written as

V = Vref + �corr. �7�

Preliminary tests of fitting the SO2–H2 interaction over
the angular expansion Eq. �1� had shown difficulties owing
to the large �short-range� anisotropy of this system. Similar
although more severe steric hindrance problems had been
encountered previously for the HC3N–H2 system.9 For this
latter system, an original and successful solution was pro-
posed by Wernli et al.9 Following these authors, we have
thus regularized the SO2–H2 PES by introducing a scaling
function Sf. For intermolecular distances R�11 a0, the in-
teraction V was thus replaced by Sf�V�, which returns V
when V is lower than a prescribed threshold �see below�, and
then smoothly saturates to a limiting value when V grows up
into the repulsive walls. Consequently, the regularized PES

retains only the low-energy content of the original PES, un-
modified up to the range of the threshold energy. In contrast
to the original PES, it can be easily expanded over Eq. �1� to
an excellent accuracy and is thus well adapted to quantum
close-coupling studies. We have selected a threshold value of
10 000 cm−1, high enough for applications where both mol-
ecules can be kept rigid.

The above regularization procedure was applied to both
Vref and �corr PES. At each intermolecular distance, these
regularized PESs were then developed over the angular ex-
pansion �1� using a standard linear least-squares fit proce-
dure. We selected a maximal order which includes all
anisotropies up to l1=16 for SO2 and l2=4 for H2, resulting
in 1094 t̄l1m1l2l functions. We then selected iteratively all sta-
tistically significant terms using the following procedure �at
each intermolecular separation�: We started the fit with a
minimal expansion limited to the single t̄0000 function and
evaluated the 1093 remaining terms by a Gauss quadrature;
all terms above a threshold parameter �see details in Valiron
et al.13� were then selected and added to t̄0000, providing a
new starting expansion. The process was reiterated until con-
vergence. In the case of the reference PES Vref, the final set,
obtained by merging the selected sets at all distances, was
composed of 129 angular functions, including anisotropies
up to l1=13 for SO2 and l2=4 for H2. In the case of the dt-r
PES correction �corr, the final set was composed of 47 angu-
lar functions �a subset of the above 129 functions�, including
anisotropies up to l1=11 for SO2 and l2=4 for H2. As ex-
pected, the dt-r PES correction was found to be much less
anisotropic than the reference surface. Both sets were used
for all 49 intermolecular distances. The accuracy of the an-
gular fitting procedure was estimated from the root-mean-
square residual which was found both for Vref and �corr to be
lower than 1 cm−1 for R larger than 6.5a0. This result indi-
cates the high quality of the angular fit in the long range and
van der Waals minimum regions of the interaction.

The PES exhibits various minima which were found
using a quasi-Newton algorithm. The global minimum
was found to be Vmin=−192.723 758 cm−1 for R
=6.147 979 bohrs, �=91.721 778°, �=90.0°, ��=90.0°, and
��=0°. Seven secondary minima were also found �some of
them should be duplicated by symmetry�, their coordinates
are given in Table I. Figure 2 presents contour plots of the
PES: In this graph, the SO2 molecule stands in the xz plane

TABLE I. Geometries corresponding to absolute and secondary minima with the corresponding distances and
angles R, � ,� ,�� ,��.

N0 R � � �� �� V

1 6.15 91.72 90.0 90.0 0.0 �192.723 758
2 6.37 80.89 90.0 0.0 0.0 �161.762 525
3 6.90 180.00 0.0 0.0 0.0 �115.858 191
4 7.11 49.77 0.0 5.69 180.0 �165.170 462
5 7.16 51.65 0.0 0.0 0.0 �164.723 207
6 7.36 154.89 0.0 0.0 0.0 �142.516 177
7 7.77 0.0 0.0 90.0 0.0 �78.338 699
8 8.01 134.02 0.0 143.13 0.0 �146.597 026
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and the H2 molecule is located in the xz plane. As shown in
this figure, the PES exhibits a complicated shape and a
strong anisotropy.

It is interesting to analyze the terms of the angular ex-
pansion of the PES. Taking as example the expansion for R
=7.0 bohrs �near the minimum of the isotropic term�, one
may observe �see Table II� that, except the isotropic term
�0000�, the dominant terms are the �2202� and �3003� terms
that are not excluded for collisions with para-H2�J2=0�. The
dipole-quadrupole �1023� and quadrupole-quadrupole �2224�
terms, that are excluded for collisions with para-H2�J2=0�,
are large but not dominant. This contrasts with the situation
encountered for H2O–H2 collisions �see Table III� where the
dominant terms for R=6.5 bohrs �minimum of the isotropic
term� are the dipole-quadrupole and the quadrupole-
quadrupole. One can thus expect smaller H2 ortho-para dif-
ferences in the cross sections for SO2 than those obtained for
H2O.24 We can also expect a small effect of including the
J2=2 state in the para-H2 basis set �see below�.

III. SCATTERING CALCULATIONS

In the following J, J� denote the rotational angular mo-
mentum of SO2 and J2 denotes the rotational angular mo-

mentum of H2. We performed extensive calculations of cross
sections for collisions of SO2 �16O isotope� with para-H2�J2

=0� at low energies.
Close-coupling calculations were performed with the

mixed MPI and OpenMP extension25 of the MOLSCAT V14

package.26 The asymmetric top wave functions of 32SO2

were obtained from the rotational constants and distorsion
constants given by Lovas14 evaluated in the same coordinate
system used to describe the PES.7 The rotational constants
about the x, y, and z axes are 2.027 354, 0.293 53, and
0.344 170 cm−1, and the relative distorsion constants are
7.223 564�10−7, 3.355 084�10−6 and 1.026 74 2�10−5,
respectively. For 32SO2–H2 the reduced mass is 1.9 540 708
amu. The symmetry axis �z-axis� corresponds, in standard

TABLE II. Dominant expansion terms �in cm−1� of the SO2–H2 PES, R
=7.0 bohrs.

l1 m1 l2 l vl1m1l2l

0 0 0 0 84.409 983
1 0 0 1 308.920 925
1 0 2 3 �327.300 101
2 0 0 2 �475.069 241
2 2 0 2 1351.683 265
2 2 2 4 �386.426 641
3 0 0 3 �526.467 648

TABLE III. Dominant expansion terms �in cm−1� of the H2O–H2 PES, R
=6.5 bohrs.

l1 m1 l2 l vl1m1l2l

0 0 0 0 �747.753 424
1 0 2 3 544.231 594
2 2 0 2 �99.550 994
2 2 2 4 415.553 651
3 2 2 5 141.418 027

TABLE IV. SO2 calculated energy levels �in cm−1� compared to values
deduced from the JPL molecular spectroscopy catalog �Ref. 27�.

Level JKa,Kc
This work JPL

1 00,0 0.0000 0.0000
2 20,2 1. 9118 1.9120
3 11,1 2. 3209 2.3208
4 21,1 3.6973 3.6975
5 31,3 5.3820 5.3820
6 40,4 6.3585 6.3601
7 41,3 8.3327 8.3356
8 22,0 8.7482 8.7469
9 32,2 10.6600 10.6590

10 51,5 10.8856 10.8864
11 42,2 13.2254 13.2258
12 60,6 13.3070 13.3134
13 61,5 15.6009 15.6140
14 52,4 16.3935 16.3950
15 71,7 18.8219 18.8247
16 33,1 19.2034 19.1968
17 62,4 20.2858 20.2941
18 43,1 21.7560 21.7502
19 80,8 22.7113 22.7267
20 72,6 24.6619 24.6713
21 53,3 24.9465 24.9425
22 81,7 25.4805 25.5183
23 63,3 28.7763 28.7760
24 91,9 29.1782 29.1848
25 82,6 29.9571 29.9882
26 73,5 33.2419 33.2472
27 44,0 33.7139 33.6930
28 100,10 34.5216 34.5495
29 92,8 35.4513 35.4777
30 54,2 36.9041 36.8845
31 101,9 37.9416 38.0265

FIG. 2. Contour plot of the SO2–H2 PES with H2 in the xz plane. The SO2

molecule is shown to scale. Equipotentials �in cm−1�: dashed lines: �3,
�10, �30, �100; fat bold line: 0; solid lines: 3, 10, 30, 100, 300, 1000,
3000, 10 000.
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spectroscopic notation, to the b-axis. The nuclear spin statis-
tics for the identical oxygen nuclei with spin 0 allows only
asymmetric top levels with Ka, Kc either ee or oo, where e /o
indicates even /odd integer values.7 The energy of the lowest
31 rotational levels of SO2 are compared in Table IV to the
values given in the JPL catalog27 and shown in Fig. 3 using
the same numbering as in the work of Green.7

The calculations were carried out using the hybrid
log-derivative Airy propagator of Alexander and
Manolopoulos.28 The various propagation parameters were
tested to obtain convergence for the lowest 31 levels and for
energies up to 150 cm−1. Typically the minimum and the
maximum range was Rmin=5 and Rmax=40 bohrs. The Airy
propagation starts from R=20 bohrs with an accuracy pa-
rameter taken as 0.0003. We increase the MOLSCAT’s param-
eter steps from 10 at the highest energies ��100 cm−1� up to
70 at the lowest energy in order to properly describe the
details of the radial function. Only the transitions between
the 31 lowest levels were calculated and 72 levels were in-

cluded in the basis set to obtain convergence better than 5%
on the collisional cross sections. The convergence of the
cross sections with the total angular momentum Jtot was
carefully studied. Jtot increases gradually from 27 �at low
energies� up to 60 at the highest energies �see Table V�.

We checked at a total energy E=Ecoll+Erot=100 cm−1,
where Ecoll represents the kinetic energy of the collision and
Erot the energy of a given SO2 rotational level �Erot�J2=0�
=0 for H2�, that the inclusion of the J2=2 channel �closed at
the considered energies� has small effects on the calculated
cross sections �see Fig. 4 for transitions starting from level
542, number I=30�.

We carefully spanned the energy range to take into ac-
count the presence of resonances. The energy steps were
0.2 cm−1 below 50 cm−1, 1.0 cm−1 between 50 and
100 cm−1, and 5 cm−1 between 100 and 150 cm−1. A linear
extrapolation procedure was adopted for energies from 150
up to 300 cm−1 in order to obtain fully converged rate coef-
ficients for temperatures up to 30 K.

FIG. 3. 31 lowest rotational levels of
the SO2 molecule.
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A typical variation of the cross sections with energy is
shown in Fig. 5 for the transition 331→431 �transition 16–18
with the adopted numbering�. We see that for energies be-
tween the threshold and about 60 cm−1 above threshold the
cross sections display many resonances justifying our very
fine energy grid.

These resonances, found in other systems,8,9,29 are re-
lated to the presence of an attractive potential well which
allows quasibound states to be formed.30,31 Quasibound
states may arise from tunneling through the centrifugal en-
ergy barrier �shape resonances� or they may form through
excitation of the molecule to an asymptotically closed chan-
nel �Feschbach resonances�. Owing to the very small spacing
between the SO2 rotational levels, both types of resonances
may be found in the same energy range.

IV. ROTATIONAL INELASTIC RATE COEFFICIENTS

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

R�	 → 	�� = �
0




�	→	��Ecoll�Ecolle
−Ecoll/kTdEcoll, �8�

where k is the Boltzmann constant, 	=JKa,Kc
, J2. Rate coef-

ficients obey the detailed balance relation

R�	� → 	� =
�2J + 1�
�2J� + 1�

exp	E	� − E	

kT

R�	 → 	�� . �9�

Convergence of the integration in Eq. �8� was tested.
Calculations up to 150 cm−1 with an extrapolation procedure
up to 300 cm−1 allow us to determine rate coefficients up to
30 K. Results for the transitions between the ten first levels
are given in Tables VI and VII. The complete set of the
de-excitation rates among all the first 31 levels of SO2 are
available as EPAPS supplementary material.32 Excitation
rates can be obtained from the detailed balance relation, Eq.
�9�. We observe the temperature dependence of the rates to
be weak within a factor 2–3 �see Fig. 6 for transitions 54,2

−44,0, 43,1−33,1, and 40,4−31,3�. The same trend was found in
H2O–H2 collisions.31 Such a flat low temperature depen-
dence reflects the influence of the deep potential well which
supports many shape resonances. It should be noted that in
most cases rate coefficients for transitions with �J3 are
small.

For comparison purposes, we give in Tables VI and VII
the results obtained at 25 K by Green7 for collisions with He
multiplied by 1.39 to correct for the velocity difference be-
tween H2 and He. In Fig. 7, the two sets of 25 K de-
excitation rates are plotted for all the transitions starting from
the level 54,2�I=30�. It appears clearly that the previous re-
sults underestimate the rates by large factors, up to 10, in
spite of the similarity of the oscillating behavior which re-
flects the rotational structure of the levels. Such differences,
although less pronounced, were found for other
systems.9,33,34 The large differences between the present cal-
culated rates and the results by Green clearly show that, at
low temperatures, a good accuracy in both PES calculations
and quantum scattering calculations is needed. Such differ-
ences in the rate coefficients may have an important impact
on the theoretical predictions of SO2 line emission in cold
dark clouds.

In order to find propensity rules for the excitation/de-
excitation rates of SO2, we present in Fig. 8 the excitation
and de-excitation rates from one specific level, JKaKc

=431, at
T=25 K. This particular level has been chosen in order to
display enough other levels connecting to it, hoping that
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TABLE V. Table of Jtot values.

Energy range �cm−1� Jtot

0–20 27
20–30 30
30–32 33
32–35 35
35–40 37
40–70 40
70–79 45
80–115 50

120–135 55
140–150 60

014305-6 Spielfiedel et al. J. Chem. Phys. 131, 014305 �2009�



TABLE VI. Downward rate coefficients of SO2 in collision with H2�J2=0� as a function of the kinetic temperature �in units of cm3 s−1�. For comparison, the
IOS results at 25 K, obtained by Green �Ref. 7� for collision with He and multiplied by 1.39 to take into account the mass ratio between He and H2, are given
in the last column.

I→F Transition 5 K 10 K 15 K 20 K 25 K 30 K
IOSa

�25 K�

2–1 20,2−00,0 4.9480�10−11 4.2460�10−11 4.0840�10−11 4.0550�10−11 4.0550�10−11 4.0590�10−11 1.163�10−11

3–1 11,1−00,0 3.6720�10−11 2.7280�10−11 2.2200�10−11 1.9160�10−11 1.7230�10−11 1.5960�10−11 3.975�10−12

3–2 11,1−20,2 9.1720�10−11 7.1610�10−11 6.0760�10−11 5.4010�10−11 4.9400�10−11 4.6050�10−11 5.921�10−12

4–1 21,1−00,0 9.9050�10−12 6.4340�10−12 4.7470�10−12 3.7250�10−12 3.0390�10−12 2.5470�10−12 0.000�10+00

4–2 21,1−20,2 8.2530�10−11 6.3110�10−11 5.3020�10−11 4.6930�10−11 4.2950�10−11 4.0220�10−11 7.812�10−12

4–3 21,1−11,1 9.9700�10−11 9.4820�10−11 9.4460�10−11 9.5140�10−11 9.5770�10−11 9.6120�10−11 2.210�10−11

5–1 31,3−00,0 2.3470�10−11 1.9450�10−11 1.7580�10−11 1.6460�10−11 1.5670�10−11 1.5050�10−11 1.904�10−12

5–2 31,3−20,2 6.9670�10−11 5.7630�10−11 5.0750�10−11 4.6500�10−11 4.3720�10−11 4.1820�10−11 7.242�10−12

5–3 31,3−11,1 3.8000�10−11 3.5110�10−11 3.3960�10−11 3.3430�10−11 3.3110�10−11 3.2870�10−11 9.271�10−12

5–4 31,3−21,1 4.8420�10−11 4.2930�10−11 4.0300�10−11 3.8750�10−11 3.7720�10−11 3.7010�10−11 8.632�10−12

6–1 40,4−00,0 1.0400�10−11 8.5910�10−12 8.0280�10−12 7.8860�10−12 7.9050�10−12 7.9910�10−12 1.432�10−12

6–2 40,4−20,2 7.7470�10−11 7.0740�10−11 6.8740�10−11 6.8460�10−11 6.8720�10−11 6.9120�10−11 1.876�10−11

6–3 40,4−11,1 2.4810�10−11 2.1470�10−11 1.9550�10−11 1.8350�10−11 1.7540�10−11 1.6950�10−11 2.238�10−12

6–4 40,4−21,1 4.9430�10−11 4.1100�10−11 3.7000�10−11 3.4530�10−11 3.2850�10−11 3.1610�10−11 4.087�10−12

6–5 40,4−31,3 4.8330�10−11 3.8960�10−11 3.2320�10−11 2.7890�10−11 2.4860�10−11 2.2730�10−11 3.572�10−12

7–1 41,3−00,0 3.6950�10−12 2.5220�10−12 1.8800�10−12 1.4820�10−12 1.2120�10−12 1.0170�10−12 0.000�10+00

7–2 41,3−20,2 3.1400�10−11 2.3910�10−11 1.9640�10−11 1.6990�10−11 1.5190�10−11 1.3890�10−11 1.169�10−12

7–3 41,3−11,1 2.3710�10−11 2.2940�10−11 2.2820�10−11 2.3060�10−11 2.3430�10−11 2.3830�10−11 3.864�10−12

7–4 41,3−21,1 6.9780�10−11 6.6080�10−11 6.5240�10−11 6.5310�10−11 6.5600�10−11 6.5890�10−11 1.626�10−11

7–5 41,3−31,3 6.7680�10−11 6.3970�10−11 6.2660�10−11 6.2280�10−11 6.2170�10−11 6.2140�10−11 1.077�10−11

7–6 41,3−40,4 6.6920�10−11 6.0250�10−11 5.4370�10−11 5.0360�10−11 4.7610�10−11 4.5720�10−11 9.257�10−12

8–1 22,0−00,0 2.0600�10−11 1.9380�10−11 1.8950�10−11 1.8700�10−11 1.8510�10−11 1.8330�10−11 1.626�10−12

8–2 22,0−20,2 5.4150�10−11 4.6220�10−11 4.2300�10−11 3.9790�10−11 3.7970�10−11 3.6550�10−11 2.488�10−12

8–3 22,0−11,1 2.7220�10−11 2.5200�10−11 2.3650�10−11 2.2540�10−11 2.1790�10−11 2.1300�10−11 4.337�10−12

8–4 22,0−21,1 3.3320�10−11 2.9230�10−11 2.5380�10−11 2.2520�10−11 2.0430�10−11 1.8910�10−11 3.155�10−12

8–5 22,0−31,3 5.5350�10−11 4.8960�10−11 4.5090�10−11 4.2440�10−11 4.0480�10−11 3.8970�10−11 4.059�10−12

8–6 22,0−40,4 3.6580�10−11 3.0680�10−11 2.7010�10−11 2.4560�10−11 2.2790�10−11 2.1450�10−11 1.150�10−12

8–7 22,0−41,3 3.9780�10−11 3.6340�10−11 3.3470�10−11 3.1330�10−11 2.9670�10−11 2.8360�10−11 3.711�10−12

aReference 7.

TABLE VII. Downward rate coefficients of SO2 in collision with H2�J2=0� as a function of the kinetic temperature �in units of cm3 s−1�. For comparison, the
IOS results at 25 K, obtained by Green �Ref. 7� for collision with He and multiplied by 1.39 to take into account the mass ratio between He and H2, are given
in the last column.

I→F transition 5 K 10 K 15 K 20 K 25 K 30 K
IOSa

�25 K�

9–1 32,2−00,0 3.0670�10−12 2.7230�10−12 2.4380�10−12 2.1870�10−12 1.9680�10−12 1.7780�10−12 0.000�10+00

9–2 32,2−20,2 4.6280�10−11 4.4580�10−11 4.3520�10−11 4.2760�10−11 4.2130�10−11 4.1570�10−11 3.489�10−12

9–3 32,2−11,1 1.5230�10−11 1.3940�10−11 1.2480�10−11 1.1240�10−11 1.0260�10−11 9.4800�10−12 9.647�10−13

9–4 32,2−21,1 4.2180�10−11 4.0060�10−11 3.7720�10−11 3.5980�10−11 3.4710�10−11 3.3780�10−11 5.365�10−12

9–5 32,2−31,3 3.1540�10−11 2.8780�10−11 2.6530�10−11 2.4930�10−11 2.3840�10−11 2.3130�10−11 3.864�10−12

9–6 32,2−40,4 4.7030�10−11 3.8640�10−11 3.3900�10−11 3.0860�10−11 2.8720�10−11 2.7150�10−11 1.737�10−12

9–7 32,2−41,3 3.9930�10−11 3.3950�10−11 2.9960�10−11 2.7170�10−11 2.5170�10−11 2.3720�10−11 3.100�10−12

9–8 32,2−22,0 6.4360�10−11 6.5640�10−11 6.8170�10−11 7.0370�10−11 7.1960�10−11 7.3040�10−11 2.168�10−11

10–1 51,5−00,0 7.7060�10−12 7.4870�10−12 7.3420�10−12 7.2610�10−12 7.2230�10−12 7.2160�10−12 1.129�10−12

10–2 51,5−20,2 3.8070�10−11 3.5040�10−11 3.3170�10−11 3.1870�10−11 3.0910�10−11 3.0160�10−11 4.420�10−12

10–3 51,5−11,1 1.0190�10−11 8.0810�10−12 7.0360�10−12 6.4440�10−12 6.0860�10−12 5.8610�10−12 8.354�10−13

10–4 51,5−21,1 1.5600�10−11 1.2690�10−11 1.0830�10−11 9.5950�10−12 8.7400�10−12 8.1320�10−12 6.769�10−13

10–5 51,5−31,3 5.0970�10−11 5.0290�10−11 5.0470�10−11 5.1080�10−11 5.1760�10−11 5.2380�10−11 1.585�10−11

10–6 51,5−40,4 5.1470�10−11 4.4130�10−11 3.8410�10−11 3.4430�10−11 3.1650�10−11 2.9690�10−11 5.240�10−12

10–7 51,5−41,3 4.3450�10−11 3.5800�10−11 3.1280�10−11 2.8340�10−11 2.6300�10−11 2.4830�10−11 3.544�10−12

10–8 51,5−22,0 1.6330�10−11 1.4600�10−11 1.3500�10−11 1.2760�10−11 1.2250�10−11 1.1900�10−11 1.245�10−12

10–9 51,5−32,2 2.4030�10−11 2.2490�10−11 2.0890�10−11 1.9610�10−11 1.8590�10−11 1.7770�10−11 1.904�10−12

aReference 7.
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some pattern would emerge from the various computed rates.
The three most important rates are those that connect the
initial level with the same value of Ka=3 and �Kc=0,+2,
along with �J= �1,+2. The following family of connected
levels are those with �Ka=−1 �and also to a lesser extent
�Ka=+1�. Then comes the larger difference in �Ka�−1,
and eventually the families of levels with the same value of
J, but with decreasing values of Ka.

The propensity rules are thus somewhat different from
those obtained for the H2O–H2 or H2CO–H2 collisions.35,36

Here, because of the vastly different values of Ia� Ib� Ic, the
mechanical reorientation of the angular momentum with re-
spect to the a axis, given by the Ka value, is the most diffi-
cult. The largest rates are those with minimal �Ka, with Kc

and J values changing according to the limitations of the
allowed quantum numbers. In the same spirit, the second
noticeable effect is the monotonic decrease in the collision

rate for a given value of J, as ��Ka� increases, corresponding
to a simple reorientation of the angular momentum vector J.
The final rule is that pure energy considerations seem minor,
if they do not take into account the angular momentum vec-
tor orientation, even at these low temperatures, in accordance
with what some of us have observed for water.35 This is best
seen in the apparently random shape of Fig. 7, where the
rotational levels are ordered only with respect to their
eigenenergies.

V. CONCLUSION

We have presented in this paper a rigid rotor study of the
interaction between sulfur dioxide and hydrogen molecules.
Calculation was performed at the CCSD�T� level of theory
with thoroughly selected basis set. The potential fit and the
corresponding angular expansion suitable for close-coupling
scattering calculations were estimated to be accurate within
1 cm−1.

We have computed state-to-state rate coefficients be-
tween the first 31 rotational levels for collisions with para
H2�J2=0� and temperatures up to 30 K. Preliminary results
show that inclusion of the H2�J2=2� level is of minor con-
sequence at the considered temperatures. Large differences
with the scaled SO2–He rates by Green7 are observed with
expected consequences on the modeling of dense molecular
clouds. A propensity rule that favors JKaKc

−J�Ka�Kc�
transitions

with ��Ka�=0 is found. This trend may be assigned to the
difficulty to reorientate the angular momentum vector with
respect to the a axis.

We stress that, due to the increasingly large computer
time and memory ressources needed for these calculations,
extension of full close-coupling calculations to high-J levels
and temperatures is not realistic presently. The QCT method
seems to be an alternative to investigate very high rotational
levels.35 Such calculations will be considered in future works
as well as calculations of rate coefficients for collisions with
ortho-H2 at both low and higher temperatures.
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