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ABSTRACT

We present collisional rate coefficients for SO2 with ortho and para molecular hydrogen for the physical conditions prevailing in dark
molecular clouds. Rate coefficients for the first 31 rotational levels of this species (energies up to 55 K) and for temperatures between 5
and 30 K are provided. We have found that these rate coefficients are about ten times more than those previously computed for SO2

with helium. We calculated the expected emission of the centimeter wavelength lines of SO2. We find that the transition connecting
the metastable 202 level with the 111 one is in absorption against the cosmic background for a wide range of densities. The 404−313 line
is found to be inverted for densities below a few 104 cm−3. We observed the 111−202 transition with the 100 m Green Bank Telescope
towards some dark clouds. The line is observed, as expected, in absorption and provides an abundance of SO2 in these objects of
a few 10−10. The potential use of millimeter lines of SO2 as tracers of the physical conditions of dark clouds is discussed.

Key words. molecular processes – ISM: molecules – ISM: abundances

1. Introduction

The observation of molecular emission at millimeter and in-
frared wavelengths, supplemented by careful and detailed mod-
eling, is a powerful tool for investigating the physical and chem-
ical conditions of astrophysical objects. Since the detection of
sulfur dioxide, SO2, by Snyder et al. (1975), this molecule has
been found to be very abundant (relative to H2) in warm molec-
ular clouds (Schilke et al. 2001; Schloerb et al. 1983). It has also
been observed towards cold dark clouds with an abundance of
a few 10−9 (Irvine et al. 1983; Dickens et al. 2000). Interpretation
of the data requires a precise knowledge of the collisional rates
of the molecule under study and the main colliders in the cloud,
i.e., molecular hydrogen and helium. Green (1995) has com-
puted these rate coefficients1 for the system SO2-He for tem-
peratures between 25−125 K for the first 50 rotational levels of
this molecule (i.e., for levels with energies below 90 K). These
rates are useful for clouds with temperatures around 25−40 K.
However, for warm molecular clouds in which lines involve en-
ergy levels of several hundred K, or in O-rich evolved stars
that show lines with levels of more than one thousand Kelvin,
adequate radiative transfer models cannot be carried out ow-
ing to the lack of collisional rates at these high temperatures.
Moreover, for dark clouds it will be extremely difficult to ex-
trapolate the rates from 25 K to 10 K, which is the typical

� Tables 5 and 6 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/531/A103
1 Please note that, to simplify the writing, “rates” refers to “rate coef-
ficients” throughout the paper.

temperature of these objects, as many resonances occur at low
energies and may make a strong contribution to collisional rates
when the temperature decreases.

SO2 is one of the molecular species that is being observed
with the Herschel Space Observatory in the submillimeter and
far-infrared domains thereby increasing the number of transi-
tions and also increasing the energies of observed rotational lev-
els. The new generation of receivers for ground-based telescopes
will permit sensitive line surveys to be carried out in dark clouds
in the centimeter and millimeter domains. It would be a pity if
all these observational efforts do not provide outstanding science
because of the lack of collisional rates. In this paper, we provide
collisional rates for temperatures from 5 to 30 K for the first
31 levels of SO2. In a subsequent paper, we will provide calcula-
tions for high temperatures and for a large number of rotational
levels.

Considering the sensitivity of the radiative transfer models
to the collisional rate coefficients, it is very important to provide
accurate values for these coefficients. Thanks to recent progress
in quantum chemistry calculations of the potential energy inter-
action between the two collision partners, scattering calculations
based on the quantum close coupling (CC) method can provide
the best accuracy to date, a few percent (Lique et al. 2010).

The methods and the results for the collisional rates are de-
scribed in Sect. 2. In Sect. 3 we discuss the scope of the new
collisional rates and predict the expected emission of several
lines of SO2 in dark clouds. In particular, we show that the
line 111−202 could be in absorption against the cosmic back-
ground and that the 404−313 line could be a strong maser in dark
clouds.
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2. Inelastic cross sections and rates for excitation
of SO2 by para and ortho H2

2.1. Potential energy surface and general procedure

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. We
used the conventions of Phillips et al. (1996) in defining the
SO2-H2 intermolecular potential in the body-fixed frame. The
SO2 molecule lies in the xz plane with the symmetry axis along z.
The rigid body PES involves five coordinates: the collision co-
ordinate, i.e. the vector from SO2 center of mass to H2 center
of mass, described by the spherical polar coordinates (R, θ, φ),
and the (θ′, φ′) angles giving the H2 orientation relative to the
SO2 molecule in the body-fixed system.

Following the strategy developed for the H2O-H2 sys-
tem (Valiron et al. 2008), the PES was calculated at the
CCSD(T) level using a three-step procedure with basis sets of
increasing accuracy and a complete basis set (CBS) extrap-
olation. Extensive calculations of a reference PES were per-
formed for 49 intermolecular distances and 8074 sets of angles
for each distance using the aVDZ basis of Woon et al. (1994)
and bond functions from William et al. (1995). Corrections,
including CBS extrapolation, were performed to obtain the fi-
nal intermolecular potential. The global minimum was found
to be Vmin = −192.723758 cm−1 for R = 6.147979 Bohr,
θ = 91.721778◦, φ = 90.0◦, θ′ = 90.0◦ and φ′ = 0◦. Seven
secondary minima were also found. The angular expansion of
the PES was obtained from the final very accurate set as a least
square fit of the ab initio values for each of 49 intermolecular
distances, leading to 129 angular functions that are specifically
adapted to quantum calculations. The selection was found to re-
produce the ab initio values within 1 cm−1 for distances R greater
than 6.5 a0. This result indicates the high quality of the angu-
lar fit in the long-range and van der Waals minimum regions of
the interaction.

Close coupling calculations were performed with the mixed
MPI and OpenMP2 extension of the MOLSCAT V14 package
(Hutson & Green 1994). The asymmetric top wave functions
of 32SO2 were obtained from the rotational constants and dis-
tortion constants given by Lovas (1978) and evaluated in the
same coordinate system as was used to describe the PES. The
rotational constants about the x, y, and z axes are 2.027354,
0.29353, and 0.344170 cm−1. The adopted centrifugal distor-
tion constants (for a non-rigid asymmetric rotor) for SO2 in its
vibrational ground state are −7.2235 × 10−7, 3.3550 × 10−6,
and 1.0267 × 10−5 cm−1. For 32SO2-H2 the reduced mass
is 1.9540708 amu. The symmetry axis (z-axis) corresponds,
in standard spectroscopic notation, to the b-axis. The nuclear
spin statistics for the identical oxygen nuclei with spin 0 allow
only asymmetric top levels, jKa Kc , with Ka, Kc either ee or oo,
where e/o indicates even/odd integer values (Green 1995). The
calculated energies of the lowest 31 rotational levels of SO2
are compared in Table 1 to the values given in the JPL catalog
(Pickett et al. 1998).

The calculations were carried out using the hybrid log-
derivative Airy propagator of Alexander & Manolopoulos
(1987). The various propagation parameters were tested to ob-
tain convergence for the lowest 31 levels and for collision ener-
gies up to 150 cm−1. Typically the minimum and the maximum
integration range was Rmin = 5 and Rmax = 40 bohr. The Airy

2 http://www-laog.obs.ujf-grenoble.fr/valiron/
molscat/index.html

Table 1. SO2 calculated energy levels (in cm−1) compared to values
deduced from the JPL molecular spectroscopy catalog in Pickett et al.
(1998).

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

propagation starts from R = 20 bohr with an accuracy param-
eter taken as 0.0003. We increased the MOLSCAT’s parameter
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. Our calculations provide state-to-state col-
lisional rate coefficients for the 31 lowest SO2 levels, 72 lev-
els were included in the basis set to obtain convergence better
than 5% on the collisional cross sections. Two calculations for
excitation of SO2 by para-H2 were performed, the first one was
restricted to H2 ( jH2 = j2 = 0) and the second one includes in ad-
dition the closed j2 = 2 channel. For ortho-H2, the j2 = 3 level
of H2 was considered unnecessary at the investigated energies
and only the j2 = 1 level was included.

The energy grid, detailed in Table 2 (with E = Ec + Erot(SO2)
where Ec is the kinetic energy), was adjusted to reproduce all
the details of the resonances as they are essential to calculate
the rates with high confidence. Due to the increasingly large
computer time and memory ressources needed for the calcula-
tions, extension of full close-coupling calculations to higher en-
ergies than 150 cm−1 is not realistic. So we adopt an extrap-
olation procedure for energies from 150 cm−1 up to 300 cm−1

in order to obtain fully converged rate coefficients for temper-
atures up to 30 K. This extrapolation assumes constant values
for the cross sections from the last calculated value (150 cm−1).
Several controls of this approximation were performed, includ-
ing evaluation of the contribution of the extrapolated part of the
cross sections as well as check of the detailed balance between
upwards and downwards rates. At low temperatures, the effect
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Table 2. Energy grid of the quantum MOLSCAT cross section
calculations.

E (cm−1) Energy step (cm−1)
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Fig. 1. Cross section for excitation by para and ortho-H2 for the
331 → 431 transition as a function of the energy E = Ec + Erot(SO2).
Black curve: para-H2( j2 = 0); red curve para-H2 = ( j2 = 0, 2); blue
curve: ortho-H2( j2 = 1).

of this extrapolation was found to be negligible and less than
one percent at 30 K.

Figures 1 and 2 show cross sections for excitation of SO2
by para-H2( j2 = 0), para-H2( j2 = 0, 2) and ortho-H2( j2 = 1)
for transitions 331 → 431 and 431 → 440. These figures show
that cross-sections for para-H2( j2 = 0, 2) and ( j2 = 0) are al-
most identical. In particular, these cross-sections display many
resonances with similar amplitudes and only a very small shift
for some of them. Away from the resonance region, the cross
sections vary smoothly with energy. The very small contribu-
tion of the H2( j2 = 2) rotational level could be attributed to the
high energy of the corresponding closed channels compared to
the collisional energy and features of the PES (Spielfiedel et al.
2009).

The situation is different when we compare excitation cross-
sections by para and ortho-H2. The cross sections differ both by
their amplitudes and by the behavior of the resonances, which
are much less pronounced for collisions involving ortho-H2. The
weaker impact of resonances on collisions with ortho-H2 was
also found in H2O-H2 (Grosjean et al. 2003) and HC3N-H2
(Wernli et al. 2007a,b) collisions. These differences between
collisions with para and ortho-H2 could come from the contri-
bution of additional coupling terms (in particular to the dipole-
quadrupole term) absent in collisions with para-H2.
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Fig. 2. Cross section for excitation by para and ortho-H2 for the
431 → 440 transition as a function of the energy E = Ec + Erot(SO2).
Black curve: para-H2( j2 = 0); red curve para-H2 = ( j2 = 0, 2); blue
curve: ortho-H2( j2 = 1).

2.2. Para and ortho H2 rates

In the considered energy range, H2 is always in states j2 = 0
and j2 = 1 for para and ortho H2, respectively, so we drop in
the following the j2 index. The state-to-state rotational inelas-
tic rates are the Boltzmann thermal average at temperature T of
state-to-state inelastic cross sections:

R(β→ β′) =
(
8kT
πμ

) 1
2
(

1
kT

)2

×
∫ ∞

0
σβ→β′(Ec)Ece−Ec/kT dEc (1)

where k is the Boltzmann constant, Ec the kinetic energy, and
β = jKa,Kc. Rate coefficients obey the detailed balance relation:

R(β′ → β) = (2 j + 1)
(2 j′ + 1)

exp

[
Eβ′ − Eβ

kT

]
R(β→ β′). (2)

We compare in Table 3 a sample of the present collisional rates
at 25 K with those of Green (1995). It should be noted that
the He rates of Green (1995) have been scaled by the reduced
mass ratio of (μSO2−H2/μSO2−He)1/2 = 1.39. We first note sig-
nificant discrepancies between the present rates and the scaled
He-rates, even for collisions with para-H2( j = 0). Differences
do not vary uniformly with transitions and are found to ex-
ceed a factor of ten in some cases. These discrepancies are ex-
pected because the rates were computed by Green within the
IOS scattering approach based on a coarse electron-gas approx-
imation used for the PES. However, we point out that similar
trends for He/H2 have been found for other systems such as SO
(Lique et al. 2007), SiS (Lique et al. 2008), HC3N (Wernli et al.
2007a,b), and H2CO (Troscompt et al. 2009), even though the
PES’s and the cross sections were computed with the same ac-
curacy. For all these systems, the potential well for interaction
with H2 is deeper by a factor of about two than the one found for
interaction with He, leading to larger cross sections and rates for
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Table 3. Rate coefficients (in cm3 s−1) for the rotational deexcitation of SO2 by collisions with He (Green 1995, scaled), para-H2 ( j2 = 0), para-H2

( j2 = 0, 2), ortho-H2 ( j2 = 1) at T = 25 Ka .

States of SO2 This work This work This work
initial final He (scaled) para-H2 ( j2 = 0) para-H2 ( j2 = 0, 2) ortho-H2 ( j2 = 1)

202 000 1.16 (–11) 4.055 (–11) 3.981 (–11) 3.827 (–11)
111 000 3.98 (–12) 1.723 (–11) 1.666 (–11) 4.253 (–11)
211 000 0 3.039 (–12) 3.404 (–12) 1.562 (–11)
313 000 1.90 (–12) 1.567 (–11) 1.595 (–11) 1.211 (–11)
404 000 1.43 (–12) 7.905 (–12) 8.604 (–12) 8.004 (–12)
413 000 0 1.212 (–12) 1.232 (–12) 4.514 (–12)
220 000 1.63 (–12) 1.851 (–11) 2.008 (–11) 1.504 (–11)
322 000 0 1.967 (–12) 2.402 (–12) 4.903 (–12)
515 000 1.13 (–12) 7.223 (–12) 7.357 (–12) 5.817 (–12)

Notes. (a) Powers of ten are given in parenthesis.
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Fig. 3. Temperature variation of the de-excitation rate coefficient for
transitions with ΔKa = 0. p2 and o1 refer to para and ortho-H2 rate
coefficients.

collisions with H2. Moreover, preliminary rate coefficients ob-
tained in the IOS approximation with the same SO2-H2 PES as
in the present calculations are systematically twice/three times
less than the CC results. All these factors contribute to the large
underestimation of the scaled He-rates of Green for collisions
with H2.

Figures 3 and 4 display the temperature variation of the
para and ortho-H2 rate coefficients for a selection of ΔKa = 0
(Fig. 3) and ΔJ = 0 (Fig. 4) transitions. The following trends are
found: the temperature dependence is weak within factor two to
three for both para and ortho-H2 collisions. There is no exact se-
lection rule, but the rates decrease for increasing |ΔJ| and |ΔKa|.
This propensity is pointed out in Fig. 5, which presents the exci-
tation/deexcitation rates at 25 K for collisions with para-H2 from
level JKaKc = 431. One can observe that the most important rates
are those that connect levels with |ΔKa| = 0. This trend may be
explained by the difficulty of reorienting the angular momentum
vector with respect to the a-axis.

Figure 6 compares the de-excitation rate coefficients at 25 K
for collisions of SO2 with para-H2( j2 = 0) and ortho-H2 with
rate coefficients for collisions with para-H2( j2 = 0, 2). It is
seen that including of H2( j2) = 2 has a negligible contribution
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Fig. 4. Temperature variation of the de-excitation rate coefficient for
transitions with ΔJ = 0. p2 and o1 refer to para and ortho-H2 rate
coefficients.

Fig. 5. SO2 rotational levels connected to the initial one (431), de-
noted by a black diamond. Those marked by a gray disk have a
para-H2 collisonal excitation or deexcitation rate above the threshold
>10−12 cm3 s−1, with the area of each gray disk proportional to the rate.
Crosses correspond to rates below the threshold.
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Fig. 6. De-excitation rate coefficients of SO2 in collision with para-
H2( j2 = 0) as function of rate coefficients with para-H2( j2 = 0, 2).
The black line indicates equal rates.

to para-H2 rate coefficients, and that both sets of rates agree
within a few percent. Rate coefficients with ortho and para-H2
vary strongly with the transition, with a factor of about two
on average, the largest rate coefficients being mainly the rates
for collisions with ortho-H2. The latter effect reflects the im-
portance of the H2 quadrupole and in particular the dipole-
quadrupole interaction, which does not contribute to collisions
with para-H2( j2 = 0).

All rates among the 31 first rotational levels are provided
as online material for a temperature range 5 K ≤ T ≤ 30 K
(Tables 5 and 6). They will be made available in the LAMDA3

and BASECOL4 databases.

3 http://www.strw.leidenuniv.nl/~moldata/
4 http://basecol.obspm.fr/

Fig. 7. Rotational levels of SO2 with energies below 13 K. Allowed ra-
diative transitions are indicated by red arrows. The numbers indicate the
corresponding Einstein coefficients for spontaneous emission in units
of 10−8 s−1.

3. SO2 line absorption and maser emission in dark
clouds

3.1. Centimeter wavelength transitions

SO2 was detected in interstellar space in the early years of
millimeter radioastronomy (Snyder et al. 1975). To our knowl-
edge, all studies of interstellar and circumstellar clouds us-
ing SO2 have been performed in the millimeter and submillime-
ter domains, i.e., by observing rotational transitions involving
high energy levels. However, as a heavy species, SO2 has sev-
eral transitions in the centimeter domain arising from low-lying
levels (see Fig. 7). The structure of these levels makes it cer-
tain that SO2 should show strong excitation effects in cold dark
clouds, that have so far not been analyzed.

Owing to the C2v symmetry of the molecule, the first excited
rotational level, 202 at 2.75 K, is not radiatively connected to the
ground level, 000. Consequently, 202 has to be considered as a
metastable level. Under non-LTE conditions, e.g. for the physi-
cal conditions of dark clouds, it will be overpopulated with re-
spect to the closest level, the 111, at 3.34 K which is radiatively
connected to the ground level. Hence, the rotational transition
111−202 at 12 256.583 MHz could be in absorption against the
cosmic microwave background for a considerably wide range of
densities and temperatures. The Einstein coefficient for the tran-
sition 111−000 is (3.5 × 10−6 s−1), so that high volume densities
will be required in order to thermalize the lowest energy levels
of SO2, including the metastable one 202.

A second group of rotational levels, 413, 404 and 313
around 12, 9.1, and 7.7 K, respectively, will also show peculiar
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Fig. 8. Predicted brightness temperature for the 111−202 line of SO2

at 12.256 GHz for different sets of collisional rates. The assumed
kinetic temperature and Δv= are 10 K and 1 km s−1, respectively.
Black(thin)/red(thick) lines correspond to the excitation of the molecule
by o-H2/p-H2 using the collisional rates calculated in this work.
Blue(dashed) lines correspond to the predicted intensity when the
scaled He-rates of Green (1995) are used. Column densities are indi-
cated and correspond to 3 × 1014, 1014, 3 × 1013, and 1013 cm−2.

excitation conditions. The 413 level will radiatively decay to-
wards the 404 one (only possible transition arising from the
413 level; its Einstein coefficient is 3 × 10−6 s−1), which will
slowly decay towards the 313 level. The latter will decay very
fast towards the metastable level 202 (see the Einstein coeffi-
cients in Fig. 7). The consequence is that the 404 and 313 levels
could be inverted; i.e., the transition 404−313 at 29 321.331 MHz
could be maser in nature. Although these effects mainly come
from the structure of the energy levels and the Einstein coef-
ficients of the rotational transitions, collisions of SO2 with H2
will play an important role in quenching the maser and the ab-
sorption lines for some critical densities. In order to quantify
these effects, we performed LVG excitation calculations using
our new, state of the art, collisional rates for para and ortho H2.
The results of our excitation calculations are shown in Figs. 8
and 9 for a kinetic temperature of 10 K and indicate that our
qualitative analysis was correct: the 111−202 transition will be in
absorption and the 404−313 will be maser for a wide range value
of volume densities, temperatures, and abundances. For com-
parison purposes, the results obtained using the collisional rates
calculated by Green (1995) for the SO2-He system, scaled by
the factor 1.39, are also shown in Figs. 8 and 9. While rota-
tional excitation by ortho and para molecular hydrogen produce
similar results, collisions with helium using the rates of Green
(1995), corrected by a factor 1.39 to take the different reduced
mass of SO2/He and SO2/H2 into account, produces a shift of the
curves to higher densities (a factor 10). As discussed in previous
sections, this effect is due to the higher SO2-(o/p)-H2 collisional
rates (one order of magnitude) than those of the SO2-He sys-
tem. This effect has been found for all rotational transitions
of SO2 arising from the 31 energy levels considered in this paper
(see below). This large difference in density between molecular

Fig. 9. Predicted brightness temperature for the 404−313 line of SO2

at 29.321 GHz for different sets of collisional rates. The assumed
kinetic temperature and Δv= are 10 K and 1 km s−1, respectively.
Black(thin)/red(thick) lines correspond to the excitation of the molecule
by o-H2/p-H2 using the collisional rates calculated in this work. Blue
dotted lines correspond to the predicted intensity when the rates of
Green (1995) for the SO2-He system are used. Column densities are
indicated and correspond to 3 × 1014, 1014, 3 × 1013, and 1013 cm−2.

hydrogen and helium rates has deep implications for determining
SO2 abundances in cold and warm molecular clouds. The new
rates indicate that SO2 rotational levels will be thermalized for
densities 10−20 times lower than those predicted from Green’s
rates. As a result, SO2 seems more easily thermalized than pre-
viously thought. As a consequence, the derived column densities
(and abundances) in previous works are probably too high.

Our calculations indicate that, for a density of 3 × 103 cm−3,
a kinetic temperature of 10 K (rates for SO2-He have been ex-
trapolated down to 10 K using a square root dependence on
the temperature), a linewidth of 1 km s−1, and a column den-
sity above 3 × 1012 cm−2 (which could correspond to an abun-
dance of 3 × 10−10 for a cloud of 10 mag of visual absorp-
tion), the maser line will have an intensity higher than 0.07 K.
The SO2 abundances derived in dark clouds (Irvine et al. 1983;
Dickens et al. 2000) range from 2 to 6 × 10−9, so the 404−313 line
could have brightness temperatures above 3 K in most cases.
Moreover, the maser line will be the strongest transition of SO2
in cold dark clouds. This is an important issue because the mil-
limeter lines of this species (Snyder et al. 1975; Irvine et al.
1983) are rather weak and have only been observed towards
a few selected dense cold cores. Finally, for the range of abun-
dances found for SO2 in dark clouds, the 111−202 absorption line
will be as strong as −0.5 K for these volume densities. Even for
column densities as low as 3 × 1012 cm−2, the absorption that
could be observed in this line against the cosmic background
will be 	−0.02 K.

We checked that the absorption and masering effects do not
depend on the selected temperature within the range of validity
of our collisional rates, 5−30 K. In particular, we have verified
that the factor 10 in density between our collisional rates and
those of Green is found not only for 10 K but also for 25 K,
the lowest temperature of Green’s calculations (i.e., this fac-
tor 10 is not produced by the selected square root extrapolation
of Green’s rates from 25 K to 10 K).
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Fig. 10. Raw data for the 111−202 line of SO2 obtained towards four dark
clouds. Although the data suffer from a high-frequency ripple plus spu-
rious features produced by human-made interferences, the absorption
features appear clearly in three of them, TMC1, L1527, and L1489.
Processed data are shown in Fig. 11.

3.2. Observation of absorption of SO2 against the cosmic
background

In spite of their potential for tracing the physical conditions
of cold clouds, none of these lines have ever been observed
in dark clouds. The 111−202 line is particularly interesting be-
cause the new collisional rates indicate that the line will move
from absorption to emission for n(H2) > 104 cm−3. The absorp-
tion line will therefore be a good tracer of the physical prop-
erties of the low-density envelopes of dense cores. Moreover,
this line could be used to trace the chemistry of sulfur-bearing
molecules in low-density regions (CS, SO, and the millimeter
lines of SO2 require high n(H2) values to produce detectable
emission). The maser 404−313 line will also be particularly in-
teresting for this purpose.

To check our predictions, we observed four dark clouds
in 2009 with the GBT telescope at the frequency of the
111−202 line (12.256 GHz). The selected clouds are TMC1
(α2000 = 04h41m45.9s, δ2000 = 25◦41′26.8′′), L1527 (α2000 =
04h39m53.0s, δ2000 = 25◦45′0.0′′), L1544 (α2000 = 05h04m18.1s,
δ2000 = 25◦11′7.9′′), and L1489 (α2000 = 04h04m47.5s, δ2000 =
26◦19′42.1′′). Abundant observational data, in several molecular
species, is available in the literature for these clouds (Cernicharo
& Guélin 1987; Cernicharo et al. 1984; Daniel et al. 2007;
Duvert et al. 1986; Fuller et al. 1996; Hogerheijde et al. 1997;
Hogerheijde 2001; Myers et al. 1995; Ohashi et al. 1997;
Takakuwa et al. 2000; Brinch et al. 2007). Except for TMC1 for
which the position corresponds to the cyanopolyyne peak, the se-
lected pointing positions for the other sources correspond to the
envelope surrounding the dense cores. As indicated by the cal-
culations shown in Fig. 8, the expected absorption will be weak,
will even turn into emission, for densities higher than 104 cm−3.

The observations were done in position-switching mode.
At the observing frequency the half power beamwidth of the tele-
scope is 67′′. The spectral resolution was 0.0187 km s−1. The raw
data are shown in Fig. 10 without any signal processing except
the removal of a degree one baseline. These observations were
rather delicate as many human-made spurious signals affected
the data despite the protection measurements taken for this site.
In addition to the spurious features we also found ripples at

Fig. 11. Observed 111−202 line profile towards TMC1, L1527 and
L1489. The raw data without any processing are shown in Fig. 10. The
x-axis corresponds to LSR velocity and the y-axis corresponds to the
observed antenna temperature.

different frequencies that were removed by using the GILDAS
package. Only a small window around the expected velocity of
the clouds, but with enough channels, was finally analyzed for
each cloud. The final reduced data are shown in Fig. 11. In spite
of the problems found the observations, absorption was observed
towards TMC1, L1527, and L1489 at the local standard of rest
(LSR) velocity of these clouds. Towards L1544 we obtained only
a 3σ upper limit of 0.06 K. Figure 11 shows the observed spectra
towards TMC1, L1527, and L1489.

The absorption towards TMC1 peaks at 6.04 km s−1 with a
linewidth of 0.09 km s−1 and an intensity of −0.077 K (Fig. 11
top panel). This cloud is known to show multiple velocity com-
ponents (Cernicharo et al. 1984; Cernicharo & Guélin 1987;
Lique et al. 2006). Figure 11 shows a second possible absorp-
tion (3σ) at 5.52 km s−1 with a linewidth of 0.1 km s−1 and an
intensity of −0.038 K. Another sulfur-bearing molecule, SO, has
been observed towards this source by Lique et al. (2006), who
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detected two velocity components at 5.6 and 6.0 km s−1. The
agreement in velocity between the SO2 absorption and the emis-
sion found in several lines of SO by Lique et al. (2006) is very
good. It suggests that the SO2 absorption arises from the same
clouds that emit in the SO lines. Lique et al. (2006) have mod-
eled the gas at 6.0 km s−1 with a core of density of 2 × 104 cm−3

surrounded by a low-density envelope of 6 × 103 cm−3 and
TK = 10 K for both components. If the observed absorption is
arising from the high-density gas, then N(SO2) 	 5 × 1012 cm−2.
For the assumed volume density the excitation temperature of
the 111−202 transition is close to 2.7 K, i.e., the turnover den-
sity between absorption and emission for this line (see Fig. 8).
However, if the absorption is arising from the low-density enve-
lope, then N(SO2) 	 1.2 × 1012 cm−2, so the abundance of SO2
is 	2 × 10−10 (for Av = 5 mag in the envelope), i.e., two orders of
magnitude below that of SO (Lique et al. 2006). The 5.5 km s−1

cloud was modeled by Lique et al. (2006) with a single density
of 8 × 103 cm−3. For this component the derived SO2 column
density is 6 × 1011 cm−2.

Towards L1527 we selected a position that corresponds
to the envelope of the cloud (Δα = +3′, Δδ = 3.5′ with re-
spect HCL2-A Cernicharo et al. 1984; or Δα 	 +2′, Δδ 	 =7′
from TMC1-A Takakuwa et al. 2000). It is also 30′′ east of
Elias 18 (Palumbo et al. 2008). The absorption of SO2 towards
L1527 peaks at 5.84 km s−1 with a linewidth of 0.082 km s−1

and an intensity of −0.11 K (Fig. 11 central panel). Cernicharo
et al. (1984) observed NH3, several lines of HC3N, HC5N,
and C4H towards this cloud (labeled HCL2-A in their paper).
They observed velocities between 5.6 and 6.4 km s−1 depending
on the position. Around the selected one, the averaged veloc-
ity is 5.9 km s−1. The observed absorption in the 111−202 line
of SO2 is too high to be reproduced for a gas with a high
density (see Fig. 11). As for all cores in Taurus & Perseus
(Bachiller & Cernicharo 1986; Cernicharo & Bachiller 1984;
Cernicharo et al. 1985; Cernicharo & Guélin 1987; Duvert et al.
1986), the core is certainly surrounded by a low-density enve-
lope (see above for TMC1). Assuming a density of 5 × 103 cm−3,
Av = 3 mag, and TK = 10 K, the observed absorption can be re-
produced with N(SO2) 	 1.5 × 1012 cm−2, which corresponds to
X(SO2) = 5 × 10−10.

For L1489 we selected a position that is at Δα = +1′,
Δδ = +46′′ with respect to the IRS1 source (see, e.g.,
Hogerheijde et al. 1997). Depending on the chosen molecu-
lar line the velocity of the gas covers the range 5.5−7 km s−1

with most of them peaking around 6.5 km s−1. In this cloud we
observed an absorption feature at 6.4 km s−1 with a linewidth
of 0.13 km s−1 and an intensity of −0.07 K. Assuming a density
in the envelope of 5 × 103 cm−3 the observed parameters corre-
spond to a column density for SO2 of 1.5 × 1012 cm−2 and an
abundance, assuming Av 	 3 mag, X(SO2) = 5 × 10−10.

Finally, the line was not detected towards L1544. Assuming
similar physical conditions than for L1489 we derive N(SO2) <
1012 cm−2 (3σ).

3.3. SO2 rotational lines in the millimeter domain

We used the new collisional rates to explore the behavior of
the millimeter lines of SO2 that could be detected in cold dark
clouds. The calculations were done using the LVG approxima-
tion, and the results are shown in Figs. 12 and 13. We selected
a kinetic temperature of 10 K, typical of cold dark clouds, and
we varied the density between 102 and 108 cm−3 for three dif-
ferent column densities of 1012, 1013, and 1014 cm−2, which
could correspond to abundances of 10−8 to 10−10 for a cloud with

Fig. 12. Predicted intensities for the SO2 lines of Table 4. The assumed
kinetic temperature and Δv= are 10 K and 1 km s−1, respectively. Units
for the density and TB are cm−3 and Kelvin, respectively. Black thin
lines correspond to the predictions for the SO2/o-H2 system (this work),
red thick lines to the SO2/p-H2 system (this work), and blue dotted lines
to SO2-He (rates from Green 1995; extrapolated down to 10 K as indi-
cated in the text).

Fig. 13. Predicted line intensity ratios for selected lines of interest for
the study of dark clouds. The assumed kinetic temperature and Δv= are
10 K and 1 km s−1, respectively. Solid/dashed lines correspond to the
case of collisional excitation by ortho/para H2. The results correspond to
N(SO2) = 3 × 1013 and 3 × 1014 cm−2. The blue thick curve corresponds
to N(SO2) = 3 × 1014 cm−2 but using the collisional rates SO2/He of
Green (1995).

N(H2) = 1022 cm−2. Among the lines that could be detected in
dark clouds in the millimeter domain, we selected those indi-
cated in Table 4.

The 313–202 line at 104.029 GHz is the strongest one, and
the results show that it thermalized for a density of 105 cm−3

(see Fig. 12). The 515−404 and 524−413 lines are thermalized
for a density around 106 cm−3. Like the case for the centime-
ter wavelength transitions, the predictions are practically the
same for ortho and para H2. However, if we use the scaled
He-rates, these densities have to be multiplied by a factor 10.
The 431−422 line is the weakest of the four lines. Although also
thermalized for n(H2) = 106 cm−3, its intensity will only be sig-
nificant for the highest SO2 column densities.
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Table 4. Selected SO2 lines in the millimeter domain.

Line jKa ,Kc Aij (s−1) Eup(K) ν (MHz)

1 313–202 1.0 × 10−5 7.7 104 029.4
2 515–404 2.2 × 10−5 15.7 135 696.0
3 524–413 8.5 × 10−5 23.6 241 615.8
4 431–422 4.3 × 10−6 31.3 160 543.0

The line intensity ratios between these transitions are shown
in Fig. 13. We can see that the 313−202/515−404 line intensity ra-
tio will be a tracer of the regions of moderate density. However,
the 313−202/524−413 one will trace the densest regions of the
cloud. No significant differences are found for these ratios as
a function of the collider, ortho, or para H2. On the other hand,
the line intensity ratios predicted using the He-rates are shifted
towards higher densities (one order of magnitude).

To compare our results using our rates with those that could
be obtained using those of Green (1995) without extrapolating
the rates, we did the same calculations for a temperature of 25 K,
the lowest value provided by Green. The results indicate the
same behavior as at low temperature; i.e., volume densities a
factor 	10 higher are needed for the He-rates to reproduce the
predictions obtained using our rates between SO2 and o/p-H2.

4. Summary

We used full quantum scattering calculations to investigate ro-
tational energy transfer in collisions of SO2 with para and or-
tho H2. The calculations are based on a recent, hightly accurate
5D potential energy surface. Rate coefficients for transitions in-
volving the lowest 31 levels of SO2 were determined for tem-
peratures ranging from 5 to 30 K. It was shown that including
H2( j2 = 2) makes a negligible contribution to para-H2 rate co-
efficients. Rate coefficients with para and ortho-H2 differ by a
factor of two on average, and the largest are mainly the rates for
collisions with ortho-H2.

The comparison between the present results and the scaled
He rates of Green (1995) shows large differences that are found
to exceed a factor ten for some transitions, rate coefficients with
H2 being always larger than those with He. These discrepancies
may be explained by the differences between the potential en-
ergy surfaces and by the approximate IOS collisional treatment
used by Green for the He-rate calculations.

We used the new rates to predict the behavior of the
SO2 lines in the centimeter and millimeter domain. For the low-
est frequencies we have found that the line 111−202 should be
in absorption against the cosmic background radiation for den-
sities below 104 cm−3. The amount of absorption is directly
proportional to the column density of SO2. These predictions
have been confirmed with observations using the GBT telescope.
We also predict that the line 404−313 will be a maser with a
maximum population inversion efficiency for densities around
5 × 103 cm−3. The observation of this line will provide strong
constraints on the abundance of SO2 in the medium-density re-
gions of cold dark clouds.
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