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ABSTRACT

Context. Over the next few years, Alma and Herschel missions will open the universe to high spatial and spectral resolution studies
at infrared and sub-millimeter wavelengths. Modeling of the observed spectra will require accurate radiative and collisional rates on
species of astrophysical interest.
Aims. The present paper focuses on the calculation of new rate coeﬃcients among the 31 first rotational levels of the CS molecule in
collision with He for temperatures ranging from 10 K to 300 K.
Methods. A new 2D potential energy surface for the CS-He system, calculated at a CS r-distance frozen at its experimental equilibrium
distance was obtained with accurate quantum chemistry methods. Quantum close-coupling calculations lead to collisional cross
sections and rate coeﬃcients.
Results. The new rate coeﬃcients are calculated up to 300 K. These new coeﬃcients diﬀer significantly from previously published
ones. The consequences for astrophysical models are evaluated.
Key words. molecular processes – molecular data

1. Introduction
Observations of molecular emission at millimeter and infrared
wavelengths, supplemented by careful and detailed modeling,
are powerful tools for investigating the physical and chemical
conditions of astrophysical objects. First detected by Penzias
et al. (1971) in the interstellar gas, CS has been extensively observed. The modeling of line intensities requires excitation calculations using radiative as well as collisional rate coeﬃcients
with He and H2 . Moreover, the Herschel satellite of the European
Space Agency (ESA) will provide high spectral resolution observations of molecular emission in the submillimeter and far-IR
domains. CS lines involving high-J levels will be observed with
high signal to noise ratio given the expected sensitivity of the
Herschel instruments. Hence, the interpretation of the Herschel
data will require new rate coeﬃcients involving high-J levels. It
is thus important to provide accurate collisional rates for a large
temperature range and also for high-J levels.
Presently, no collisional rates exist for the CS-He system.
Calculations were done by Green & Chapman (1978) for the
13 lowest levels of the CS-para-H2 (J = 0) system. The collisional rate coeﬃcients, calculated for temperatures ranging
from 10 K to 100 K were obtained in the coupled states approach
using a CS-H2 potential that was adapted from an electron gas
model for the CS-He interaction. Turner et al. (1992) extended
those calculations to the 21 first levels of CS and for temperatures up to 300 K using the same potential energy surface (PES)
and the same approximate collisional method.

Complete Tables 4–9 are only available in electronic form at the
CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5)or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/451/1125

The goal of this work is to provide collisional rate coeﬃcients of CS with He between the 31 first levels using the most
accurate theoretical methods. We expected that these results will
be also relevant for interpreting of the data that extremely powerful instruments, such as Herschel but also ALMA, will provide
in the next few years.
In this paper, we will first describe the calculations of a
new ab initio PES for the CS-He system. This accurate PES allows us to be confident that the dynamical calculations are accurate. Then, we describe the collisional method of calculations
used. We present in Sect. 4 the cross sections and the collisional
rate coeﬃcients obtained for temperatures ranging from 10 K
to 300 K, and we compare our results with those obtained by
Turner et al. (1992) for the CS-para-H2 (J = 0) system. Finally,
we analyze the eﬀect of these new rate coeﬃcients on the excitation of CS by modeling this excitation through a large velocity
gradient code for diﬀerent physical conditions that are representative of those of molecular clouds and star forming regions.

2. Potential energy surface
The present work uses a Jacobi coordinate system, in which r is
the CS distance, R the distance from the center of mass of CS to
the He atom, and θ is the angle between the two distance vectors (θ = 0: He adjacent to carbon atom; θ = 180: He adjacent
to sulfur atom). For rotational excitation calculations, the potential energy surface (PES) was calculated in the supermolecular approach based on the single and double excitation coupled
cluster method (Hampel et al. 1993) (CCSD) with perturbative
contributions from connected triple excitations computed as defined by Watts et al. (1993) (CCSD(T)). The CS r-distance was
frozen at its experimental equilibrium distance re = 2.90 a0
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Table 1. PES of CS-He: first Vλ (R) components in cm−1 .
Distance (a0 )
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
13.0

V0
25372.92
12677.30
5726.94
2421.83
961.00
349.85
108.16
19.61
–8.64
–14.74
–13.66
–10.88
–8.19
–6.06
–4.47
–3.32
–2.49
–1.89
–1.45
–1.13

V1
16802.61
11240.08
6046.74
2949.39
1351.09
587.92
242.80
93.84
32.58
8.88
0.54
–1.86
–2.16
–1.83
–1.41
–1.04
–0.76
–0.55
–0.40
–0.30

V2
44663.45
24265.20
11688.57
5265.47
2259.45
927.96
362.92
132.58
42.87
10.06
–0.69
–3.38
–3.42
–2.77
–2.08
–1.52
–1.10
–0.80
–0.58
–0.43

V3
33809.44
18209.81
8852.93
4049.15
1771.73
746.66
303.24
117.97
43.20
14.23
3.63
0.10
–0.84
–0.91
–0.75
–0.56
–0.40
–0.28
–0.20
–0.14

Fig. 1. Contour plot of the potential energy surface of CS-He as a function of R and theta with the C-S separation fixed at r = 2.90 a0 .
The energies are in cm−1 with a distance of 0.05 cm−1 between two
adjacent contours, and the zero of energy is taken as that of the
CS+He asymptote.

(Huber & Herzberg 1979). The ab initio surface was calculated using the MOLPRO package (2002). The three atoms were
described by the standard correlation consistent polarized valence quadruple zeta set of Dunning (1989) (cc-pVQZ) augmented with the diﬀuse functions of s,p,d,f, and g symmetries
by Kendall (1992) (aug-cc-pVQZ). This basis set was further
augmented by the [3s3p2d2f1g] bond functions optimized by
Cybulski & Toczylowski (1999) and placed at mid-distance between the He atom and the CS center of mass. The basis set
superposition error (BSSE) was corrected at all geometries with
the Boys & Bernardi (1970) counterpoise procedure. For a van
der Waals system, where the ground state is described well by a
predominant configuration at all computed geometries, this level
of theory was expected to yield reliable results.
The radial scattering coordinate R was assigned values
from 3.5 a0 to 16.0 a0 by steps of 0.25 a0 , the angular grid was
uniform with a 15 degree spacing from 0 to 180 degrees.

V4
36333.56
17075.54
7698.15
3354.76
1420.24
585.66
235.31
91.86
34.56
12.28
3.92
0.95
–0.01
–0.25
–0.26
–0.20
–0.14
–0.10
–0.07
–0.05

V5
30357.23
12827.29
5382.99
2229.49
909.88
365.80
144.82
56.36
21.46
7.90
2.74
0.84
0.18
–0.03
–0.07
–0.06
–0.04
–0.03
–0.02
–0.01

V6
25869.85
9738.87
3707.64
1419.29
544.67
209.15
80.22
30.65
11.60
4.31
1.54
0.51
0.14
0.02
–0.01
–0.02
–0.01
–0.01
0.00
0.00

V7
19732.80
6895.29
2404.21
843.64
299.91
108.43
39.85
14.80
5.50
2.01
0.71
0.24
0.08
0.02
0.01
0.00
0.00
0.00
0.00
0.00

A contour plot of the potential is shown in Fig. 1. For this
van der Waals system, the global minimum of the interaction
energy was found to be −99.35175 µhartree i.e. −21.8051 cm−1
(R = 7.26 a0 , θ = 75 degree).
Finally the fitting procedure described by Werner et al.
(1988) for the CN-He system was adapted in order to obtain
the V(r = re , R, θ) numerical expansion required as input by
MOLSCAT (Hutson & Green 1995) to perform the dynamical
calculation. Deviations between the fitted potential values and
the ab initio points are concentrated in the repulsive part of the
PES. Over the entire grid, the mean diﬀerence between the analytic fit and the ab initio calculations is 1.5%.
In terms of the Legendre polynomials, the interaction energy
surface can be expressed as:

V(r = re , R, θ) =
Vλ (R)Pλ(cos θ).
(1)
λ

The first Vλ (R) components are given in Table 1.
Comparison, made with the Vλ components of the PES used
by Green & Chapman (1978), shows that large diﬀerences exist
for all distances (up to a factor 2 for some geometries). The PES
used by Green & Chapman (1978) and Turner et al. (1992) is in
fact a CS-He surface, calculated with an electron gas model and
simply modified at long range (R ≥ 8 a0 ) to smoothly join the
asymptotic interaction of CS-H2 (J = 0). We used the CCSD(T)
method here, which is well known for giving accurate PES for
non reactive van der Waals systems, so we are confident in the
quality of our approach.
By comparing this PES with the PES calculated recently for
the system SO-He (Lique et al. 2005), we observe significant differences in the position and in the depth of the minimum. In particular, the global well of the SO-He system is deeper by a factor
two. As a consequence, the energy range of the resonances in the
cross sections is expected to be less for the CS-He collisions.

3. Collision dynamics
The ground electronic state of the CS molecule is a 1 Σ state with
a rotational constant equal to 0.817 cm−1 (Bustreel et al. 1979).
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Table 2. Parameters of the MOLSCAT calculations.
Energy (cm−1 )
50
100
200
400
600
800
2000

Number of J levels
leading to open channels
8
11
16
22
27
31
31

The exact close coupling approach (CC hereafter), introduced by Arthurs & Dalgarno (1960), was used. The collision
equations in the space-fixed reference frame are:
⎛
⎞
⎜⎜⎜ d2
⎟⎟
L(L
+
1)
2
+ k J ⎟⎟⎟⎠F(JLpJTOT|R) =
⎜⎜⎝ 2 −
2
dR
R

2µ
vλ (R) fλ (JL, J  L ; JTOT )F(J  L pJTOT|R)
(2)
J  L λ

4.2. Rate coefficients

The rate coeﬃcients are the Boltzmann thermal average at temperature T of collision cross sections σ Ji →J f :
1 

2
8kB T 2 1
k Ji →J f (T ) =
πµ
kB T
∞

×

−Ek

Ek σ Ji →J f (Ek )e kB T dEk

(4)

0

with:
fλ (JL, J  L ; JTOT ) =


Number of J levels
included in the calculation
15
17
21
27
31
33
33

(−1) J+J −JTOT [(2J + 1)(2J  + 1)(2L + 1)(2L + 1)] 2

 
J L JTOT
J J λ L L λ
×
0 0 0
0 0 0
L J  λ

1

(3)

where (3 j) and {6 j} are respectively the “3-j” and “6-j” symbols
likewise µ is the reduced mass of the system, E the total energy
of the collision and J, L, p and JTOT refer, respectively to the
rotational quantum number, the relative orbital angular momentum, the parity and the total angular momentum. The integral
cross sections are obtained by summing the partial cross sections
over JTOT until convergence is reached.
All the calculations were performed with the MOLSCAT
code (Hutson & Green 1995). For this system, terms up to λ = 11
were retained in the potential expansion. The calculations were
carried out using the propagator of Manolopoulos (1986). The
reduced mass of the system is 3.669. The propagation parameters were tested in order to obtain convergence of the cross sections for energies up to 2000 cm−1 . Typically, the minimum and
maximum integration distances are, respectively Rmin = 2.75 a0
and Rmax = 40 a0 . The calculations included at each energy value
all the open channels corresponding to energetically accessible
levels. Several energetically inaccessible levels were added in
order to obtain convergence of the collisional cross sections (see
Table 2). At 2000 cm−1 , the 31 first rotational levels were thus
considered and 33 levels included in the calculation.

4. Results
4.1. Cross sections

Figure 2 shows the excitation cross sections from the first two
rotational levels as a function of the barycentric collision energy. The cross sections decrease with increasing ∆J and present
resonances for energy below 30 cm−1 (see first two columns of
Fig. 2). These resonances correspond to the presence at 7.26 a0
of a well whose depth is about 22 cm−1 . Such behavior is typical
of all the cross sections. It is interesting to note that resonances
disappear at higher kinetic energies, and do not exist for cross
sections involving levels with large ∆J due to the large threshold energy value (see third column of Fig. 2).

where Ji and J f are, respectively, the initial and final states of
the transition, Ek is the kinetic energy and kB is the Boltzmann
constant.
We performed CC calculations of cross sections from an
energy value corresponding to the opening of the lowest inelastic channel to a total energy of 2000 cm−1 . We carefully
spanned the energy ranges to take the presence of resonances
into account. The energy steps are 0.1 cm−1 below 50 cm−1 ,
0.2 cm−1 from 50 to 100 cm−1 , 0.5 cm−1 from 100 to 200 cm−1 ,
1 from 200 to 800 cm−1 , 2 from 800 to 900 cm−1 , 5 from 900
to 1000 cm−1 , 10 from 1000 to 1200 cm−1 , and 50 from 1200
to 2000 cm−1 . Convergence of the integration was tested.
Calculations up to 2000 cm−1 allow us to determine rates up
to 300 K. Results were obtained for the first 31 levels (up
to J = 30). Collisional rate coeﬃcients between the nine first
levels are given in Tables 4−9 for temperatures equal to 10, 20,
50, 100, 200, 300 K, respectively. The complete set of rate coefficients are published in the electronic version of the paper and
on our WEB site (Basecol).
It is generally assumed that rate coeﬃcients with paraH2 (J = 0) should be larger than He rate coeﬃcients owing to
the smaller collisional reduced mass and the larger size of H2 ,
the scaling factor being 1.4 (Schöier et al. 2005). We have compared our upward CS-He rate coeﬃcients for ∆J = J f −Ji = 1, 2,
and 5 with the CS-para-H2 (J = 0) rate coeﬃcients obtained by
Turner et al. (1992) for temperatures ranging from 20 to 300 K.
As seen in Fig. 3, the ratio between the two sets of rate coeﬃcients varies strongly with Ji and with temperature. In particular, at low temperatures, the CS-He rate coeﬃcients are higher or
lower than the CS-para-H2 (J = 0) rate coeﬃcients according to
the Ji value. Several factors may contribute to these diﬀerences:
(i) the two PES used in the dynamics calculations diﬀer at all
distances: in the repulsive part, in the depth of the well, and
in long range part, too. The PES used in Turner et al. (1992)
was calculated for the CS-He system with an electron gas
model, modified at long-range to smoothly join with the
asymptotic electrostatic interaction of CS and H2 (J = 0).
The electron gas model may induce large inaccuracies in
the dynamics calculations, as pointed out by Thomas et al.
(1980). Due to this approach, Turner et al. (1992) indicate
that their rate coeﬃcients may be in error by a factor up
to 2−3;
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Fig. 2. Collisional excitation cross sections of
CS by He from the first two levels.
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(ii) the collisional rates in Turner et al. (1992) were calculated in
the coupled states approach that neglects the exact coupling
of angular momenta. To analyze the eﬀect of this approximation, we have calculated cross sections with our ab initio
PES in the Coupled states approximation (McGuire & Kouri
1974). As expected, we have found that the Coupled states
approach leads to some errors, compared to CC results, for
calculated cross sections at low kinetic energies (<50 cm−1 ),
this mostly aﬀects the rates at very low kinetic temperatures
(T < 50 K). Table 3 shows a comparison between CC and
CS cross sections at diﬀerent kinetic energies. The energies
are chosen far from the resonance area to avoid diﬀerences
due to resonance shifts. A global agreement is obtained

10
Ji

15

20

Fig. 3. Calculated CS-He rate coeﬃcients (this
work: filled circles) at 20 K (up left), 40 K
(up right), 100 K (down left) and 300 K (down
right) compared with CS-para-H2 (J = 0) rate
coeﬃcients calculated by Turner et al. (1992)
(empty diamonds).

between these two methods (∼10−15%) but we can see that
for small cross sections (∆J ≥ 5) the diﬀerence can be important, up to a factor 2.
From this comparison, it clearly appears that the diﬀerences between the two sets of rate coeﬃcients cannot be explained only
by the diﬀerence of mass of the perturbers and that the PES plays
a major role. Considering the expected good accuracy of the
CCSD(T) method used for the present CS-He PES and of
the CC approach for dynamics calculations, it appears to us
that the CS-He rate coeﬃcients (multiplied by a factor 1.4 to
take into account the ratio of the reduced mass between CS-He
and CS-H2 systems) could presently be the most appropriate for
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Table 3. Comparison between cross sections obtained by Close Coupling and Coupled States approach.
Transitions
Ji → J f
0→1
0→2
0→5
0 → 10
0 → 20
1→2
1→3
1→6
1 → 11
1 → 21
10 → 11
10 → 12
10 → 15
10 → 20
10 → 30

Ek = 50 cm−1
CC
CS
10.511 10.968
10.437 10.397
2.177
2.304
...
...
...
...
8.671
8.802
8.356
7.841
1.578
1.663
...
...
...
...
7.079
7.163
4.121
3.896
...
...
...
...
...
...

Ek = 100 cm−1
CC
CS
7.105 7.114
9.617 9.714
2.586 2.532
0.116 0.174
...
...
6.114 6.032
7.273 7.073
2.169 2.154
...
...
...
...
5.202 4.998
3.954 4.187
...
...
...
...
...
...

Ek = 500 cm−1
CC
CS
3.758 3.504
9.555 9.588
1.561 1.460
0.972 0.936
0.044 0.075
3.644 3.408
8.043 8.021
1.384 1.293
0.879 0.843
0.018 0.017
3.239 3.067
5.294 5.348
1.020 0.974
0.404 0.411
...
...

Ek = 1000 cm−1
CC
CS
2.887
2.601
7.092
7.138
1.906
1.823
1.023
0.997
0.408
0.387
2.914
2.650
6.393
6.389
1.566
1.493
0.869
0.843
0.394
0.379
2.683
2.483
4.535
4.566
1.117
1.052
0.530
0.537
0.117
0.140

Fig. 4. Excitation temperature, T EX , and brightness temperature ratios (T B (Green rate coeﬃcients)/T B (present rate coeﬃcients)) for the 1−0, 2−1,
3−2, and 4−3 lines of CS (from top to bottom) using our rate coeﬃcients (solid lines) and those of Green & Chapman (1978) (dashed lines). The
H2 volume density varies between 10 and 109 cm−3 and the CS column density from 3 × 1012 and 3 × 1015 cm−2 by a step factor of 10 (blue, green,
red and black lines, respectively). From left to right the kinetic temperature corresponds to 10, 15, and 20 K, respectively.

interpreting observations of CS in astrophysical environments.
In addition, our calculations extend the previous collisional rates
for high-J levels of CS.

5. Astrophysical implications
In order to check the impact of the new rates on the interpretation of astrophysical observations, we have made astrophysical
modeling using the large velocity gradient (LVG) approach, using our rate coeﬃcients scaled to take into account both the reduced mass diﬀerence and those of Green & Chapman (1978)
for T = 10, 15, and 20 K and Turner et al. (1992) for T = 40, 60,
and 150 K.

Figure 4 shows the comparison between the excitation temperatures and the brightness temperature ratios obtained with our
rate coeﬃcients and those of Green & Chapman (1978) for the
typical physical conditions found in cold dark clouds. The excitation temperatures, T EX , for the Ji −J f = 1−0 to 4−3 lines have a
similar behavior although ours are slightly higher than those obtained with the Green & Chapman (1978) rate coeﬃcients. This
can be easily seen in the brightness temperature ratios shown in
the same figures, which indicate diﬀerences as large as 20−30%
for the four lines. These diﬀerences become slightly smaller for
T K = 20 K. The eﬀect of suprathermal excitation for low opacity in the 1−0 line is essentially the same for both sets of rate
coeﬃcients.

1130

F. Lique et al.: Excitation of CS by He

Table 4. Collisional rate coeﬃcients in cm3 s−1 at T = 10 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.52 (−11)
1.49 (−11)
3.28 (−12)
3.15 (−12)
1.52 (−12)
1.00 (−12)
6.45 (−13)
3.86 (−13)

1
5.97 (−11)
...
3.66 (−11)
2.56 (−11)
7.29 (−12)
6.38 (−12)
3.35 (−12)
2.28 (−12)
1.44 (−12)

2
3.68 (−11)
3.81 (−11)
...
4.24 (−11)
2.88 (−11)
9.52 (−12)
8.70 (−12)
4.62 (−12)
3.32 (−12)

3
5.60 (−12)
1.84 (−11)
2.93 (−11)
...
4.40 (−11)
3.23 (−11)
1.15 (−11)
1.08 (−11)
5.81 (−12)

4
2.70 (−12)
2.63 (−12)
1.00 (−11)
2.21 (−11)
...
4.19 (−11)
3.58 (−11)
1.35 (−11)
1.27 (−11)

5
4.92 (−13)
8.69 (−13)
1.25 (−12)
6.12 (−12)
1.58 (−11)
...
4.13 (−11)
3.84 (−11)
1.56 (−11)

6
9.36 (−14)
1.32 (−13)
3.28 (−13)
6.25 (−13)
3.89 (−12)
1.19 (−11)
...
4.20 (−11)
3.97 (−11)

7
1.34 (−14)
1.99 (−14)
3.87 (−14)
1.31 (−13)
3.27 (−13)
2.46 (−12)
9.35 (−12)
...
4.36 (−11)

8
1.38 (−15)
2.17 (−15)
4.81 (−15)
1.22 (−14)
5.31 (−14)
1.73 (−13)
1.53 (−12)
7.53 (−12)
...

4
9.29 (−12)
7.82 (−12)
2.23 (−11)
3.25 (−11)
...
4.05 (−11)
3.34 (−11)
1.34 (−11)
1.21 (−11)

5
3.11 (−12)
4.79 (−12)
5.27 (−12)
1.69 (−11)
2.75 (−11)
...
4.12 (−11)
3.54 (−11)
1.53 (−11)

6
1.29 (−12)
1.50 (−12)
2.79 (−12)
3.69 (−12)
1.32 (−11)
2.40 (−11)
...
4.23 (−11)
3.67 (−11)

7
4.16 (−13)
5.40 (−13)
7.69 (−13)
1.71 (−12)
2.69 (−12)
1.05 (−11)
2.14 (−11)
...
4.38 (−11)

8
1.16 (−13)
1.52 (−13)
2.53 (−13)
4.22 (−13)
1.08 (−12)
2.00 (−12)
8.23 (−12)
1.94 (−11)
...

4
1.99 (−11)
1.59 (−11)
3.81 (−11)
4.08 (−11)
...
3.91 (−11)
3.36 (−11)
1.35 (−11)
1.19 (−11)

5
1.02 (−11)
1.40 (−11)
1.32 (−11)
3.28 (−11)
3.78 (−11)
...
3.99 (−11)
3.49 (−11)
1.48 (−11)

6
7.27 (−12)
7.22 (−12)
1.06 (−11)
1.12 (−11)
2.89 (−11)
3.55 (−11)
...
4.08 (−11)
3.59 (−11)

7
4.06 (−12)
4.70 (−12)
5.20 (−12)
8.24 (−12)
9.64 (−12)
2.58 (−11)
3.39 (−11)
...
4.19 (−11)

8
2.26 (−12)
2.49 (−12)
3.20 (−12)
3.88 (−12)
6.60 (−12)
8.53 (−12)
2.32 (−11)
3.26 (−11)
...

4
2.86 (−11)
2.10 (−11)
5.33 (−11)
4.52 (−11)
...
3.99 (−11)
3.97 (−11)
1.44 (−11)
1.33 (−11)

5
1.53 (−11)
2.21 (−11)
1.90 (−11)
4.81 (−11)
4.33 (−11)
...
4.06 (−11)
4.10 (−11)
1.54 (−11)

6
1.38 (−11)
1.28 (−11)
1.84 (−11)
1.72 (−11)
4.43 (−11)
4.17 (−11)
...
4.13 (−11)
4.20 (−11)

7
9.34 (−12)
1.06 (−11)
1.06 (−11)
1.57 (−11)
1.57 (−11)
4.12 (−11)
4.04 (−11)
...
4.21 (−11)

8
6.98 (−12)
7.13 (−12)
8.36 (−12)
8.85 (−12)
1.36 (−11)
1.45 (−11)
3.86 (−11)
3.95 (−11)
...

4
4.41 (−11)
2.66 (−11)
7.50 (−11)
5.00 (−11)
...
4.24 (−11)
5.10 (−11)
1.64 (−11)
1.73 (−11)

5
1.98 (−11)
3.45 (−11)
2.47 (−11)
6.89 (−11)
4.89 (−11)
...
4.34 (−11)
5.26 (−11)
1.74 (−11)

6
2.20 (−11)
1.75 (−11)
2.96 (−11)
2.34 (−11)
6.48 (−11)
4.78 (−11)
...
4.42 (−11)
5.37 (−11)

7
1.42 (−11)
1.79 (−11)
1.59 (−11)
2.64 (−11)
2.21 (−11)
6.16 (−11)
4.69 (−11)
...
4.48 (−11)

8
1.31 (−11)
1.24 (−11)
1.53 (−11)
1.43 (−11)
2.40 (−11)
2.11 (−11)
5.89 (−11)
4.62 (−11)
...

Table 5. Collisional rate coeﬃcients in cm3 s−1 at T = 20 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.25 (−11)
1.41 (−11)
3.34 (−12)
3.34 (−12)
1.65 (−12)
1.17 (−12)
7.47 (−13)
4.69 (−13)

1
6.00 (−11)
...
3.35 (−11)
2.47 (−11)
7.51 (−12)
6.78 (−12)
3.63 (−12)
2.59 (−12)
1.64 (−12)

2
4.96 (−11)
4.41 (−11)
...
3.85 (−11)
2.83 (−11)
9.81 (−12)
8.89 (−12)
4.85 (−12)
3.60 (−12)

3
1.15 (−11)
3.20 (−11)
3.79 (−11)
...
4.04 (−11)
3.10 (−11)
1.16 (−11)
1.06 (−11)
5.92 (−12)

Table 6. Collisional rate coeﬃcients in cm3 s−1 at T = 50 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.08 (−11)
1.45 (−11)
3.59 (−12)
3.55 (−12)
1.87 (−12)
1.50 (−12)
1.01 (−12)
7.22 (−13)

1
5.94 (−11)
...
3.15 (−11)
2.51 (−11)
8.07 (−12)
7.39 (−12)
4.27 (−12)
3.34 (−12)
2.28 (−12)

2
6.28 (−11)
4.78 (−11)
...
3.63 (−11)
2.94 (−11)
1.06 (−11)
9.47 (−12)
5.62 (−12)
4.44 (−12)

3
1.90 (−11)
4.64 (−11)
4.41 (−11)
...
3.83 (−11)
3.18 (−11)
1.22 (−11)
1.08 (−11)
6.56 (−12)

Table 7. Collisional rate coeﬃcients in cm3 s−1 at T = 100 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.04 (−11)
1.76 (−11)
3.92 (−12)
4.03 (−12)
1.98 (−12)
1.74 (−12)
1.20 (−12)
9.57 (−13)

1
5.98 (−11)
...
3.15 (−11)
2.98 (−11)
8.64 (−12)
8.40 (−12)
4.71 (−12)
4.00 (−12)
2.87 (−12)

2
8.20 (−11)
5.02 (−11)
...
3.62 (−11)
3.49 (−11)
1.14 (−11)
1.08 (−11)
6.36 (−12)
5.34 (−12)

3
2.39 (−11)
6.19 (−11)
4.73 (−11)
...
3.87 (−11)
3.78 (−11)
1.32 (−11)
1.23 (−11)
7.38 (−12)

Table 8. Collisional rate coeﬃcients in cm3 s−1 at T = 200 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.09 (−11)
2.30 (−11)
4.67 (−12)
5.51 (−12)
2.15 (−12)
2.16 (−12)
1.32 (−12)
1.18 (−12)

1
6.19 (−11)
...
3.34 (−11)
3.91 (−11)
9.87 (−12)
1.11 (−11)
5.12 (−12)
4.93 (−12)
3.29 (−12)

2
1.11 (−10)
5.44 (−11)
...
3.81 (−11)
4.52 (−11)
1.29 (−11)
1.41 (−11)
7.09 (−12)
6.63 (−12)

3
3.05 (−11)
8.61 (−11)
5.16 (−11)
...
4.08 (−11)
4.88 (−11)
1.50 (−11)
1.60 (−11)
8.37 (−12)
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Table 9. Collisional rate coeﬃcients in cm3 s−1 at T = 300 K.
Ji \J f
0
1
2
3
4
5
6
7
8

0
...
2.14 (−11)
2.63 (−11)
5.34 (−12)
6.93 (−12)
2.38 (−12)
2.68 (−12)
1.39 (−12)
1.37 (−12)

1
6.38 (−11)
...
3.53 (−11)
4.58 (−11)
1.11 (−11)
1.39 (−11)
5.56 (−12)
5.96 (−12)
3.50 (−12)

2
1.29 (−10)
5.79 (−11)
...
4.03 (−11)
5.29 (−11)
1.44 (−11)
1.74 (−11)
7.70 (−12)
7.93 (−12)

3
3.57 (−11)
1.03 (−10)
5.51 (−11)
...
4.30 (−11)
5.67 (−11)
1.66 (−11)
1.96 (−11)
9.16 (−12)

4
5.76 (−11)
3.11 (−11)
9.02 (−11)
5.36 (−11)
...
4.48 (−11)
5.92 (−11)
1.81 (−11)
2.11 (−11)

5
2.33 (−11)
4.55 (−11)
2.88 (−11)
8.31 (−11)
5.26 (−11)
...
4.59 (−11)
6.09 (−11)
1.93 (−11)

6
2.95 (−11)
2.06 (−11)
3.92 (−11)
2.74 (−11)
7.85 (−11)
5.18 (−11)
...
4.68 (−11)
6.22 (−11)

7
1.68 (−11)
2.41 (−11)
1.90 (−11)
3.53 (−11)
2.63 (−11)
7.51 (−11)
5.11 (−11)
...
4.74 (−11)

8
1.76 (−11)
1.51 (−11)
2.08 (−11)
1.76 (−11)
3.25 (−11)
2.53 (−11)
7.23 (−11)
5.05 (−11)
...

Fig. 5. Excitation temperature, T EX , and brightness temperature ratios (T B (Turner et al. rate coeﬃcients)/T B (present rate coeﬃcients)) for the 1−0,
2−1, 3−2, and 4−3 lines of CS (from top to bottom) using our rate coeﬃcients (solid lines) and those of Turner et al. (1992) (dashed lines). The
H2 volume density varies between 10 and 109 cm−3 and the CS column density from 3 × 1012 and 3 × 1015 cm−2 by a step factor of 10 (blue, green,
red and black lines, respectively). From left to right the kinetic temperature corresponds to 40, 60, and 150 K, respectively.

Considering that future observations with ALMA and
Herschel should have calibration errors below 5%, these diﬀerences in the predicted line intensities will lead to an overestimation of the volume density, if Green & Chapman’s rate coeﬃcients are used. Figure 5 shows the same calculations but using
Turner et al. (1992) rate coeﬃcients and for higher kinetic temperatures. The eﬀects become very large as Ji and T K increase
(see for example the right bottom panel). While the comparison with the Green & Chapman (1978) (low temperatures) rate
coeﬃcients indicates a systematic trend in the computed brightness temperature ratio, the calculations with Turner et al. (1992)
rate coeﬃcients (higher temperatures) show an underestimation
of the volume density for n(H2 ) < 105 cm−3 for low-J lines and
an overestimation for higher densities. However, the situation is
the opposite for the high-J lines (see the 4−3 line compared with

the 1−0 line). The diﬀerences are even more evident for high-J
lines not shown in this figure.

6. Conclusion
In this work, we report new calculations of rate coeﬃcients
for rotational excitation of CS induced by collisions with He.
Cross sections were computed for the first 31 levels of CS using a new ab initio potential energy surface and quantum
mechanical coupled-channel method for collision energies up
to 2000 cm−1 . From the cross sections, thermally averaged rate
coeﬃcients were calculated for kinetic energies ranging from 10
to 300 K. All the rate coeﬃcients are available on the Basecol
site http://boum.obspm.fr/basecol/.
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These rate coeﬃcients, scaled to take the reduced mass ratio into account, were used as surrogates for CS-para-H2 (J = 0)
rate coeﬃcients to calculate the excitation temperature and the
brightness temperature in the various physical conditions typical
of molecular clouds. The comparison with the same quantities
calculated by using the rate coeﬃcients of Green & Chapman
(1978) and Turner et al. (1992) pointed out systematic diﬀerences that have an important impact on the diagnostic of the
densities of molecular clouds. We will now extend this work
to higher temperatures (300−1500 K), in order to interpret observations in high mass star forming regions, shocks, and the
circumstellar envelopes of evolved stars. Although what is really needed for accurately interpreting the astronomical observations of CS are the rate coeﬃcients for the CS-H2 system,
we provide, for the first time, in this paper the results for the
collisional excitation of high energy levels of CS by He. The
rotational transitions between these high-J CS levels will be observed with the Herschel satellite and our calculations will permit to interpret these data. We would like to stress again that
the available CS-H2 rates up to J = 21 were obtained from a
modified CS-He PES using an electron gas model that provides
limited accuracy, and also using less precise methods than those
used in this paper for calculating the collisional rates.
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