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ABSTRACT

Context. Over the next few years, ALMA and Herschel missions will perform high spatial and spectral resolution studies at infrared
and sub-millimeter wavelengths. This will provide much greater detail about the composition and evolution of molecules in space.
Modeling of the spectra will require accurate radiative and collisional rates for species of astrophysical interest.

Aims. We calculate ro-vibrational excitation rate coefficients of SO by He, useful for studies of high-temperature environments.
Methods. A new accurate three dimensional (3D) potential energy surface was calculated for the SO-He system which explicitly takes
into account the r-dependence of the SO vibration as well as the R-distance and 6 angle which describe the relative position of the
collision partners. The dynamics calculations were performed according to the VCC-IOS approximation.

Results. The new rate coefficients between the ro-vibrational levels are calculated for temperatures from 300 K to 800 K.

Key words. ISM: molecules — molecular data — molecular processes

1. Introduction

Observations of molecular emission at millimeter and infrared
wavelengths, supplemented by careful and detailed modeling,
are powerful tools to investigate the physical and chemical con-
ditions of astrophysical objects. First observed by Gottlieb &
Ball (1973) in the interstellar gas, SO has been used extensively
to study shocked molecular gas in various environments (Turner
et al. 1992; van Dishoeck & Blake 1998; Blake et al. 1987). The
modeling of the line intensities requires comparison with model
excitation calculations using radiative as well as collisional rates.
Collisional excitation in shocked regions and in photon dom-
inated regions involves excitation of high-rotational levels as
well as vibrational excitation by the most abundant species, He
and H,.

Rotational excitation rate coefficients for collisions among
fine structure levels of SO with He atoms, based on an accurate
ab initio potential energy surface (PES), have been calculated
recently (Lique et al. 2005; Lique et al. 2006). For pure rota-
tional excitation, the SO r-distance was kept at its equilibrium
geometry for the calculation of the PES. In Lique et al. (2005)
the sensitivity of the cross sections to different basis sets used
in the calculation of the SO-He surface has been studied. In the
present paper we focus on calculations of rate coefficients for the
v = 0-1 vibrational excitation by He. The potential energy sur-
face was calculated for different SO r-distances in order to ac-
count for the vibration of SO. The same strategy of calculation
of the surface for each SO r-distance as in Lique et al. (2005)
was adopted here.

A full close coupling approach for the dynamics calcula-
tions is prohibitively expensive in computer time for heavy
molecules when transitions among highly excited rovibrational
levels are involved. We therefore used the vibrational close-
coupling rotational infinite order sudden (VCC-IOS) method

http://www.edpsciences.org/aa

(Parker & Pack 1978; Goldflam et al. 1977a,b) to perform the
calculations. Cross-sections among the 118 first rotational levels
of v = 0 and v = 1 have been calculated for total energies up
to 5000 cm™!. After Boltzmann thermal average, they give rate
coefficients up to 800 K.

The paper is organized as follows: Sect. 2 describes the
ab initio calculation of the potential energy surface. Section 3
provides a rapid description of the theory and of the calculations.
In Sect. 4 we present and discuss our results.

2. Potential energy surface and computation
of matrix elements

The present work uses a Jacobi coordinate system, in which r is
the SO distance, R is the distance from the center of mass of SO
to the He atom and @ is the angle between the two distance vec-
tors (6 = 0°: He adjacent to oxygen atom, § = 180°: He adjacent
to sulfur atom). The SO-He potential energy surface was cal-
culated in the supermolecular approach based on the single and
double excitation open-shell coupled cluster method with pertur-
bative contributions of connected triple excitations (RCCSD(T))
computed as defined by Knowles et al. (1993, 2000). To check
the validity of this mono-configurational method, we have per-
formed calculations for the first triplet electronic states with the
Multi-Configuration Self-Consistent-field (MCSCF) approach.
For all investigated geometries, it was found that the weight of
the dominant configuration in the ground electronic state of the
SO-He complex was between 0.92 and 0.94 which justifies the
choice of the RCCSD(T) approach. Calculations were performed
for three SO r-distances (2.4, 2.8 and 3.3 bohr) and the same
grid of R and 6 values (R was assigned values from 4.0 bohr to
16.0 bohr by steps of 0.25 bohr, the angular grid was uniform
with a 15 degree spacing from 0 to 180 degree) as described
in Lique et al. (2005).The three atoms were described by the
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Table 1. Vibrational matrix elements ((v'(r) | (r — r.)"™' | v”(r))) used
in the vibrational averaging of the interaction potential; r, was taken to
be 2.8 bohr.

A n=1 n=72 n=3
0 0 | 1.00000 0.03531 0.00628
0 1 | 0.00000 0.07084 0.00580
1 1 | 1.00000 0.05227 0.01790
Y
N}
10 12 14

R

Fig. 1. Contour plot of the v = 0 — v" = 0 matrix elements of the
interaction potential for elastic scattering of He+SO as a function of R
and 6. The energies are in cm™! with a distance of 1.0 cm™! between
two adjacent contours, the zero of energy is taken as that of the He+SO
asymptote.

standard correlation consistent polarized valence quadruple zeta
set of Woon & Dunning (1994) augmented by the (3s3p2d2f1g)
bond functions optimized by Cybulski & Toczylowski (1999),
placed at mid-distance between the SO centre-of-mass and He.
In all calculations, the basis set superposition error (BSSE) is
corrected at all geometries with the Boys & Bernardi (1970)
counterpoise procedure. The PES calculations were performed
with the MOLPRO 2002 package (MOLPRO 2002).

The fitting procedure described by Werner et al. (1988) for
the CN-He system was adopted in order to obtain the V(r, R, )
numerical expansion routine required to perform the dynamical
calculations. The potential was fitted to the functional form:

N Liax

V(r,R,0) = Z Z dll;,’g_l(COS DAL R)(r — re)”_1 (1)

n=1 I=1

where the df:{’ 6"‘1(005 0) are reduced Wigner rotation matrix ele-
ments.

N equals the number of SO bond distances and Ly,x the num-
ber of angles 8 for which the potential has been calculated.

For a VCC-IOS calculation, matrix elements of the potential
between the vibrational states of the SO molecule are required
for fixed values of the Jacobi scattering angle and for all the
R-values. We write these matrix elements as:

Voo (R, 0) = 0'(r) | V(r, R, 0) | " (r). )

F. Lique et al.: Ro-vibrational excitation of SO by He

150

100 £
. ‘
50 r
SR SNIRIRE
6 8 10 12 14
R
Fig. 2. Contour plot of the v = 0 — v = 1 matrix elements of the

interaction potential for inelastic scattering of He+SO as a function of
R and 6. The energies are in cm™' with a distance of 0.1 cm™! between
two adjacent contours, the zero of energy is taken as that of the He+SO
asymptote.

The SO vibrational wave functions were obtained by the Fourier
grid Hamiltonian (FGH) method of Clay Marston & Balint-
Kurti (1989) from a SO potential calculated with the MOLPRO
2002 package at the Complete Active Space Self-Consistent-
field (CASSCF) + Multi-Reference Configuration Interaction
(MRCI) level using the aug-cc-pVQZ basis set of Woon and
Dunning (1994). The vibrational wave functions were taken with
j = 0. The relevant (/(r) | (r — re)"' | v”/(r)) matrix elements
are given in Table 1.

Contour plots of the Vyo(R,0) and Vj (R, 6) surfaces are
respectively shown in Figs. 1 and 2. In these plots the value
6 = 180° corresponds to colinear He-SO. The V| (R, 6) surface
is indistinguishable from the Vo(R, ) surface. The global min-
imum in the Vyo and V| surfaces is found to be —34.62 cm™!
(R = 7.35 bohr, 6= 180°).

3. Calculation of scattering cross sections

In the SO (®X") electronic ground state, the rotational levels
are split by spin-rotation coupling. In the intermediate coupling
scheme, the rotational wave function of SO can be written for
j=1las:

|Fijm) = cosalN = j— 1,8 jm)

+sina|N = j+ 1,8 jm)
|[F2jm) = IN = .S jm) (3)
|F3jm) = —sina|lN = j— 1,8 jm)

+cosalN = j+ 1,8 jm)

where |N, S jm) denotes pure Hund’s case (b) basis functions and
the mixing angle « is obtained by diagonalisation of the molec-
ular Hamiltonian. In the pure case (b) limit, @ — 0, the F; level
corresponds to N = j — 1 and the F3 level to N = j + 1. For SO,
the case (b) limit becomes valid beyond N = 5. The calculations
of the rotational energy levels were done with the F, F, and F3
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Table 2. Energy in cm™! of the fine structure levels of SO (v = 0) (E = 0 cm™! for v = 0, N, = 1o).
Level N j Energy | Level N Energy | Level N Energy
1 1 0 0.000 41 14 15 154.021 81 27 26  546.368
2 0 1 1.001 42 14 13 155.147 82 27 27  551.238
3 1 2 3.100 43 14 14 159.835 83 28 29  585.654
4 2 3 6.412 44 15 16 175.565 84 28 27  586.367
5 1 1 10.552 45 15 14 176.641 85 28 28  591.343
6 2 1 10.987 46 15 15 181.358 86 29 30 627.187
7 3 4 11.021 47 16 17 198.538 87 29 28  627.996
8 2 2 13.424 48 16 15 199.571 88 29 29 632.874
9 3 2 14.632 49 16 16 204.314 89 30 31  670.143
10 4 5 16.979 50 17 18 222941 90 30 29  670.947
11 3 3 17.731 51 17 16 223.938 91 30 30 675.829
12 4 3 19.933 52 17 17 228.701 92 31 32 714.521
13 4 4 23.474 53 18 19 248.774 93 31 30 715.323
14 5 6 24.316 54 18 17 249.739 94 31 31  720.207
15 5 4 26.811 55 18 18 254.521 95 32 33 760.322
16 5 5 30.653 56 19 20 276.036 96 32 31  761.121
17 6 7 33.050 57 19 18 276.974 97 32 32 766.007
18 6 5 35.211 58 19 19 281.772 98 33 34 807.543
19 6 6 39.268 59 20 21 304.727 99 33 32 808.341
20 7 8 43.193 60 20 19 305.642 100 33 33 813.229
21 7 6 45.102 61 20 20 310.454 101 34 35 856.185
22 7 7 49.318 62 21 22 334.847 102 34 33 856.982
23 8 9 54.751 63 21 20 335.742 103 34 34 861.872
24 8 7 56.467 64 21 21  340.566 104 35 36 906.247
25 8 8 60.802 65 22 23 366.396 105 35 34 907.043
26 9 10 67.731 66 22 21 367.272 106 35 35 911934
27 9 8 69.293 67 2222 372.107 107 36 37 957.727
28 9 9 73.722 68 23 24  399.372 108 36 35  958.524
29 10 11 82.135 69 23 22 400.234 109 36 36 963415
30 10 9 83.574 70 23 23 405.078 110 37 37 1010.624
31 10 10 88.077 71 24 25  433.777 111 37 36 1011.422
32 11 12 97.963 72 24 23 434.625 112 37 37 1016.314
33 11 10  99.302 73 24 24 439477 113 38 39  1064.938
34 11 11 103.865 74 25 26 469.607 114 38 37 1065.738
35 12 13 115.221 75 25 24 470455 115 38 38 1070.630
36 12 11 116.746 76 25 25 475.303 116 39 40 1120.667
37 12 12 121.088 77 26 27 506.864 117 39 38 1121.470
38 13 14 133.906 78 26 25 507.693 118 39 39 1126.362
39 13 12 135.091 79 26 26 512.557
40 13 13 139.745 80 27 28  545.547
functions but, since the dynamical calculations were performed ¢'°5(v,0 — v’, L) cross sections (Corey & McCourt 1983):
in the IOS approach (the levels are described in the Hund case
(b) limit), the usual level labeling N; with N = j— 1, N = j, dSW,Nj - v, N'j) =
N = j+ 1 corresponding to the Fj, F, and F; levels as defined N N L 2
in Eq. (3) w1ll. be used in the following. N Z(ZN + DN + D) + 1)( 0 00 )
The energies of the first fine structure levels pertaining to the L
v = 0 and v = 1 vibrational levels are given in Tables 2 and 3. L 2 .
. . . oS ’
They were computed with the experimental spectroscopic con- X { S NN } o (0,0- 0, L) 4)

stants of Bogey et al. (1982). Due to the low rotational constant
there are 118 N; levels with an energy lower than the first excited
vibrational level.

In the VCC-IOS method, the rotational levels are treated as
degenerate. Within this approximation the problem reduces to
the computation of vibrationally inelastic S -matrix elements cal-
culated with a close coupling approach at fixed 6 Jacobi angles
for a given L-value. These fixed-angle S -matrix elements must
then be mutiplied by the appropriate spherical harmonics and
integrated over 6 to give the “fundamental IOS cross sections”
o'%%(v,0 — v/, L)(E) out of the v, N = 0 level.

In the Hund’s case (b) limit, the de-excitation ro-vibrational
cross sections are expressed in a reduced form in terms of the

where ( )and{ } are respectively the “3 - ;” and “6 — j”” sym-
bols. v, Nj and v/, N’j’ are the initial and final vibrational and
rotational states. The summation in Eq. (4) was performed for
L < 79 which allows us to obtain converged cross sections for
rotational angular momenta N < 39. All the calculations were
performed using the MOLSCAT computer program of Hutson &
Green (1994). The calculations were carried out using the prop-
agator of Manolopoulos (1986). The reduced mass of the system
is 3.694 amu. Typically, the minimum and maximum integration
distances are Ry, = 3.5 ag and Ryax = 40 ag.

Rate coefficients are obtained by averaging the appropriate
cross sections over a Boltzmann distribution of velocities at a
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Table 3. Energy in cm™! of the fine structure levels of SO (v = 1) (E = 0 cm™! for v = 0, N, = 1o).

Level N j Energy Level N Energy Level N J Energy

1 1 0 1138.020 41 14 15 1290.868 81 27 26 1680.100

2 0 1 1139.019 42 14 13 1292.017 82 27 27 1684.995

3 1 2 1141.110 43 14 14 1296.724 83 28 29 1719.056

4 2 3 1144.405 44 15 16 1312.241 84 28 27 1719.880

5 1 1 1148.634 45 15 14 1313.338 85 28 28 1724.780

6 2 1 1148.984 46 15 15 1318.075 86 29 30 1760.255

7 3 4 1149.060 47 16 17 1335.031 87 29 28 1761.074

8 2 2 1151.483 48 16 15 1336.084 88 29 29 1765978

9 3 2 1152.666 49 16 16 1340.848 89 30 31 1802.867

10 4 5 1154.900 50 17 18 1359.240 90 30 29 1803.681

11 3 3 1155.756 51 17 16  1360.256 91 30 30 1808.589

12 4 3 1157.916 52 17 17  1365.041 92 31 32 1846.890

13 4 4 1161.454 53 18 19 1384.867 93 31 30 1847.700

14 5 6  1162.182 54 18 17 1385.866 94 31 31 1852.611

15 5 4 1164.733 55 18 18 1390.654 95 32 33 1892.324

16 5 5 1168.575 56 19 20 1411912 96 32 31 1893.131

17 6 7 1170.850 57 19 18 1412.866 97 32 32 1898.044

18 6 5 1173.060 58 19 19 1417.687 98 33 34  1939.167

19 6 6 1177.121 59 20 21 1440.374 99 33 32 1939.972

20 7 8 1180915 60 20 19 1441.304 100 33 33 1944.888

21 7 6  1182.867 61 20 20 1446.132 101 34 35 1987.419

22 7 7 1187.090 62 21 22 1470.254 102 34 33 1988.223

23 8 9 1192.384 63 21 20 1471.162 103 34 34  1993.140

24 8 7 1194.138 64 21 21 1476.010 104 35 36 2037.080

25 8 8 1198.483 65 22 23 1501.550 105 35 34 2037.883

26 9 10 1205.262 66 22 21  1502.440 106 35 35 2042.801

27 9 8 1206.859 67 2222 1507.299 107 36 37 2088.146

28 9 9  1211.300 68 23 24 1534.263 108 36 35 2088.950

29 10 11 1219.552 69 23 22 1535.138 109 36 36 2093.870

30 10 9 1221.023 70 23 23 1540.006 110 37 37 2140.619

31 10 10 1225.539 71 24 25 1568.392 111 37 36 2141.424

32 11 12 1235.256 72 24 23 1569.253 112 37 37 2146.344

33 11 10 1236.623 73 24 24 1574.130 113 38 39 2194.497

34 11 11 1241.202 74 25 26 1603.936 114 38 37 2195.304

35 12 13 1252.377 75 25 24 1604.786 115 38 38 2200.224

36 12 11 1253.658 76 25 25 1609.670 116 39 40 2249.780

37 12 12 1258.287 77 26 27 1640.895 117 39 38 2250.588

38 13 14 1270914 78 26 25 1641.735 118 39 39 2255.508

39 13 12 1272.123 79 26 26 1646.625
40 13 13 1276.795 80 27 28 1679.269

given kinetic temperature 7' Miklavc et al. 1992; Krems et al. 2001) for diatomic molecules
D12 e with a small moment of inertia (H,, HF, Li,). Molecules with
. (8 . Nj— v, N' /) Eo smaller rotational constants (CO for example) can exhibit res-
ONFPUNT Ty 0 A PV Bk onant vibrational relaxation when they are initially in very high
x Ey exp (~BE)dEx 5) rotational levels. The role of near-resonant vibrational relaxation

where 8 = (kgT)™!, kg is the Boltzmann constant, u is the re-
duced mass of the colliding system. The total energy E is related
to the kinetic energy according to E = Ey + €, y; where €, is
the energy of the initial rovibrational level. Rate coeflicients for
the reverse transitions may be obtained by detailed balance.

As the IOS approximation neglects the energy structure of
the rotational levels, it is expected to be poor at low energies, so
the results presented here refer to high temperatures. The valid-
ity of this approach was checked in Lique et al. (2006) for pure
rotational excitation. It was found to be appropriate, especially
for transitions involving levels with N > 5.

However it may not be so applicable to vibrational quench-
ing as resonant vibrational energy transfer may occur. This
type of near-resonant energy transfer has been observed
experimentally (Stewart et al. 2000; McCaffery & Marsh
2000) and obtained theoretically (Stewart et al. 1988, 2000;

has been investigated systematically in CO (Krems 2002). This
study shows that the contribution of this resonant process is neg-
ligible for low j levels and high energy, and only becomes impor-
tant when the initial rotational state of v = 1 is close in energy to
high rotational states of v = 0. These cases were not considered
in this paper.

4. Results

In order to compute cross sections and rate coefficients for vibra-
tional relaxation of SO, we have tested the convergence of the
vibrational close-coupling expansion by including several vibra-
tional wave functions in the basis set.

We first considered the effect of vibrational coupling on the
rotational excitation cross sections. Figure 3 compares the fun-
damental IOS cross sections (see Eq. (4)) for vibrationally elastic
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Fig. 3. Variation of the vibrationally elastic rotational cross sections for
v = 0 with the v = 0 and v = 1 basis set (full curve) and without
vibrational coupling (diamonds).
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Fig. 4. “Fundamental IOS cross sections” (see Eq. (4)) for vibrationally
elastic rotational excitation of SO out of the v = 1,N = 0 level to
v = 0, L level calculated including 2, 3 and 4 vibrational levels in the
dynamical calculations.

rotational excitation of SO out of the v = 0, N = 0 level calcu-
lated with and without vibrational coupling between v = 0 and
v=1.

As already found for other systems like CO (Krems 2002)
and HF (Krems & Nordholm 2001; Krems et al. 2001), the pure
rotational transitions are unaffected by the vibrational channel
included in the calculation. This result is directly the conse-
quence of the very small non-diagonal vibrational matrix ele-
ments of the interaction potential compared to the diagonal ones.
In addition, there is an excellent agreement between the cross
sections calculated with the 3D PES and the one previously cal-
culated (Lique et al. 2006) with the 2D PES. This result validates
the choice of a 2D PES for pure rotational excitation.
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We have also considered the convergence of the vibrational
expansion on inelastic vibrational cross sections. Figure 4 shows
the “fundamental IOS cross sections” out of v = 1, N = 0 (see
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(F5 level).

Eq. (4)) for vibrationalv = 0,1,v =0, 1,2 and v = 0, 1, 2, 3 basis
sets.

It follows from this plot that the “fundamental IOS cross
sections” from v = 1 can be obtained by neglecting coupling
with vibrational states higher than v = 1. Therefore, all the cal-
culations presented in the following were performed with the
v = 0, 1 basis set.

Calculations were performed for the 118 first fine structure
levels of v = 0 and v = 1 and for energies up to 5000 cm™!
leading to converged rate coefficients for all the considered lev-
els and temperatures up to 800 K. The temperature variation of
the rate coefficients involving the first rotational levels are dis-
played in Fig. 5forv =0 - v = 0,forv =1 — v = 1 and for
v=1— v =0 transitions.

One observes a slow variation with temperature of the vibra-
tionally elastic rate coefficients when the variation of the vibra-
tional excitation v = 0 — v = 1 coeflicients vary more rapidly.
As found for other systems, the rate coefficients for Av = 1 tran-
sitions are lower than the elastic coefficients by several orders of
magnitude. It would be necessary to consider much higher tem-
peratures and/or high-j levels leading to near-resonant j-levels
belonging to v = 0 and v = 1 to get much higher vibrational
excitation rate coefficients. It is thus expected that the values
obtained in the present VCC-IOS approximation for vibrational
excitation and desexcitation give the correct order of magnitude
of the rate coefficients.

Figure 6 presents diagrams of the distribution of the final
rotational states v’ = O,N;., (identified by the number n’) after
vibrational relaxation of various v = 1, N; states at a temperature
of 500 K.

The vibrational relaxation of low j levels exhibits a first peak
centered in the region of low j’ levels and a second broad peak
decreasing slowly for large j’ levels. As the initial rotational ex-
citation increases, the first peak becomes larger than the second
one and shifts toward larger j* values. One can also observe in
this figure a strong propensity for F-conserving transitions in the
large j limit. This was already found in pure rotational cross
sections and rate coefficients (Lique et al. 2005) and predicted
theoretically (Alexander & Dagdigian 1988).

All the rate coefficients are available on our web site
(http://amdpo.obspm. fr/basecol/).

5. Summary and discussion

In this work, we use the vibrational close coupling - rotational
I0S approach to investigate the ro-vibrational energy transfer in
collisions of SO with He atoms. The calculations are performed
with a new accurate 3D potential energy surface. The results can
be summarized as follows:

(1) The vibrationally elastic rotational energy transferin v = O is
essentially unaffected by the vibrational coupling with v = 1.
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An analogous behaviour has been observed by Krems &
Nordholm (2001) in their study of vibrational and rotational
excitation of HF by collisions with Ar. From an analysis
of the rotational excitation of HF (v, j = 0) for different v-
values, these authors conclude that the vibrational motion of
HF plays no role in pure rotational transitions. This result, if
confirmed for other colliding systems, is important as cross
sections and rate coeflicients for rotational excitation may be
obtained without considering the vibration of the diatomic
molecule.

(ii) In the energy range considered (77 < 800 K) the rate co-
efficients for vibrational excitation of v = 1 are several
orders of magnitude lower than the rotational rate coeffi-
cients. As a consequence, vibrational excitation of SO by
He may be considered as negligible in comparison with ra-
diative vibrational excitation in the majority of non-Local
Thermodynamic Equilibrium (LTE) astrophysical environ-
ments.

(iii) The calculations performed within the VCC-IOS approxima-
tion cannot take into account the near-resonant interactions
that may occur between highly excited rotational levels in
v = 0and v = 1. Such an effect is small for low or moder-
ately high rotational levels and high energies.

It is difficult to assess the absolute accuracy of our calculated
rates. The typical error may be lower than an order of magni-
tude, and we believe that the results are probably accurate within
a factor of 2-3. Some caution must be exercised concerning the
use of the present rate coefficients for collisions with He to pro-
vide a first estimate of rate coefficients with para-H, (j = 0). The
underlying approximation is to consider identical cross sections
for the two colliding systems and apply a scaling factor to ac-
count for the different associated reduced masses. Recent results
on rotational excitation of CO (Wernli et al. 2006), SiO (Dayou
& Balanga 2006) and CS (Lique 2006) pointed out that rate co-
efficients with para-H; (j = 0) are within a factor 1-3 larger or
lower than those with He, depending on the selected transition.
This indicates that accurate rate coefficients for collisions with
H, cannot be obtained from the present results although they
give the correct order of magnitude.
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