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Abstract. A number of diatomic molecules have been found
in vibrationally excited state(s) in several cosmic objects. The
molecules in vibrationally excited state(s) provide valuable in-
formation about the physical conditions prevailing near star
forming regions and in circumstellar envelope of late type stars.
For analyzing the spectrum of such molecules, one of the re-
quired important parameters are collisional rate coe�cients for
vib-rotational transitions in the molecule. As of today, knowl-
edge of collisional rate coe�cients is very poor. Here, we have
discussed a method for calculating the collisional rate coef-
�cients for vib-rotational transitions in a diatomic molecule,
where the colliding partner H2 is considered as a structureless
particle. This method is quite good for high temperatures (usu-
ally found in star forming regions and in circumstellar envelope
of late type stars), but may be questioned for low temperatures.
As an example, calculations for the CS molecule at 500 K for
three vibrational states are presented.
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1. Introduction

A number of diatomic molecules, observed in several cosmic ob-
jects, have been found in vibrationally excited state(s). Some
examples of such molecules are CS, CO, SiO. To be vibra-
tionally excited, the molecule must be in an unusually hot and
dense gas, and/or in a region where strong IR radiation �eld
is present. Hence, vibrationally excited molecules may play an
important role of the probe for �nding out the physical condi-
tions near star forming regions and in circumstellar envelope
of late type stars.

For analyzing the spectrum from a molecule observed in
vibrationally excited state(s), one requires the knowledge of
the rate coe�cients for optical and collisional transitions be-
tween the rotational levels lying in various vibrational states
(i.e., for vib-rotational transitions). Einstein A-coe�cients for
vib-rotational (including pure rotational) transitions for the
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CS and CO molecules have been calculated by Chandra et al.
(1995, 1996), respectively.

As of today, knowledge of transition rate coe�cients for
collision of a molecule with hydrogen molecule is very poor.
Collisional rate coe�cients for a limited number of rotational
transitions for some molecules have been reported in the lit-
erature. For example, data for H2-H2 and H2-CO systems are
available in the literature.

In the present investigation, we have discussed a method by
which collisional rate coe�cients for vib-rotational (including
pure rotational) transitions may be calculated. Here, the col-
liding partner H2 is considered as a structureless particle. This
method is valid at high temperatures (say, above 300 K), but
may be questioned at low temperatures. The regions where
the knowledge of vib-rotational transitions is required, how-
ever, have high temperature.

It is always advisable to calculate collisional rate coef-
�cients for one direction (either downward or upward), and
then to calculate the rate coe�cients in the opposite direction,
within the computer programme where these rate coe�cients
are to be used, with the help of the detailed equilibrium equa-
tion. Here, we have discussed a method for the rate coe�cients
in the downward (called, deexcitation) direction.

2. Method for calculation of collisional rate coe�cients

In a cosmic object, the molecule under investigation is consid-
ered to collide with the H2 molecules only, as these collisions
are likely to be dominant because of the large abundance of
H2 molecules. In the molecule, we have two types of transi-
tions: (i) pure rotational transitions within a vibrational state,
and (ii) transitions between rotational levels in di�erent vibra-
tional states. Within a vibrational state, the rate coe�cients
for the rotational deexcitation transitions, connected to the
ground rotational level, may be calculated with the help of the
relation,

C(T jJ ! 0;�v = 0) =
Kv(T )T

�1=2

2J + 1

h
1� exp(kT=h�J0)

i
; (1)

where h is the Planck0s constant, k the Boltzmann constant,
J the rotational quantum number, v the vibrational quantum
number, �J0 the frequency for the transition, and Kv(T ) the
constant depending on v and the kinetic temperature T . This
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expression reproduces the limiting behaviour, at high and low
temperatures, as suggested by Goldreich and Kwan (1974).

For the intermediate, level-to-level deexcitations, the rate
coe�cients may be calculated by using the relation

C(T jJu ! Jl;�v = 0) = (2Jl + 1)

Ju+JlX
J=jJu�Jlj

 
Ju Jl J
0 0 0

!2

(2J + 1) C(T jJ ! 0;�v = 0); (2)

where ( ) is a 3-j symbol. The su�ces u and l are used for the
upper and lower energy levels, respectively.

For the individual level-to-level transitions, connecting the
two vibrational states, the rate coe�cients may be assumed to
be proportional to the rate coe�cients for the corresponding
rotational transitions in the ground vibrational state, such that

C(T jv;Ji ! v0; Jf ) = Pvv0C(T j0; Ji ! 0; Jf ) (3)

where Pvv0 is a dimensionless, symmetrical parameter, charac-
terizing the two vibrational states, and is given by

Pvv0 = NtC(T jv ! v0)=
X
JiJf

C(T j0; Ji ! 0; Jf ); (4)

where C(T jv ! v0) is the deexcitation rate coe�cient for the
transition from the upper vibrational state v to the lower vi-
brational state v0, and Nt the number of the transitions ac-
counted for in the summation. Equation (3), however, decou-
ples vibrational and rotational transitions and is a rather poor
approximation. Here, we would not be able to calculate the
rate coe�cients for the vib-rotational transitions for which �J
= 0. However, the absence of these rate coe�cients would not
a�ect the investigation signi�cantly. The rate coe�cients for
the vibrational transition 1 ! 0 are given by (Lifshitz, 1974;
Chandra, 1994)

C(T j1 ! 0) =
RT=P�

1� e�=T
(5)

where

P� = exp[A(T�1=3 � 0:015�1=4)� 18:42],
� = 1:44(!e � 2!exe),
A = 1:16x10�3�4=3�1=2.

Here, � is the reduced mass of the colliding system, !e and
!exe the physical parameters for the molecule, R the gas con-
stant, and � the characteristic temperature of the molecule.
Equation (5) is obtained by a parameterization of measured
vibrational relaxation times for several diatomic molecules for
temperatures higher than 300 K. Thus, the use of eq. (5) for the
temperatures less than 300 K may be highly questionable. The
rate coe�cient for the transitions between the adjacent vibra-
tional states can be obtained by using the relation (Procaccia
and Levine, 1975)

C(T jv ! v0) = C(T j1 ! 0)[(v + 1)exp(�hc!e=kT )�v0�1;v +

v�v0+1;v ]; (6)

where � is the Kronecker delta. Further, we know (Procaccia
and Levine, 1975)

C(T jv) =
X
v0

C(T jv ! v0) (7)

and may assume that

C(T jv ! v1)

C(T jv ! v2)
=

2v1 + 1

2v2 + 1
: (8)

The validity of the aforesaid method is quite good for the
large kinetic temperature T . It may, however, be questioned for
low temperature. But in absence of any other, better possible
solution, the present method may be used for calculating the
rate coe�cients.

2.1. Detailed equilibrium equation

Once the deexcitation rate coe�cients are known, the corre-
sponding excitation rate coe�cients can be calculated by using
the equation of the detailed balance.

C(vl; Jl ! vu; Ju) =
2Ju + 1

2Jl + 1
C(vu; Ju ! vl; Jl)

exp
h
�

hcfE(vu; Ju)� E(vl; Jl)g

kT

i
; (9)

where c is the speed of light. The energy E of the levels is in
cm�1.

3. Collisional rate coe�cients for the CS molecule

As an example, let us consider the case of the 12C32S molecule
colliding with structureless H2 molecules. Here, we accounted
for the three vibrational states, v = 0, 1 and 2 only of CS
molecule, and thus from Eqs. (6) through (8), we have

C(T j2 ! 1) = 2C(T j1 ! 0)

and

C(T j2 ! 0) =
1

3
C(T j2 ! 1) =

2

3
C(T j1 ! 0)

Now, we have the relations

P21 = 2P10 and P20 =
2

3
P10

In these vibrational states, we considered only those rota-
tional levels which lie below the next higher vibrational state,
and hence, we have accounted for rotational levels up to J =
39, 38, and 38, in the vibrational states, v = 0, 1, and 2, respec-
tively. Thus, in all, our system is consists of 118 energy levels.
Energy, along with the statistical weight, vibrational quantum
number, and the rotational quantum number of the levels are
given in Table 1, which is available in the electronic form via
anonymous ftp. In the present investigation, we used the same
value for Kv(T ) for all the three vibrational states, i.e., Kv(T )
= K0(T ). The value of K0(T ) for the kinetic temperature 500
K is taken as 1 x 10�9 cm3 s�1 K1=2.

The value of K0(T ) would vary with the kinetic tempera-
ture. For some kinetic temperatures, we have given the value
of P10K0(T ) in Table 2.
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Table 2. Value of P10K0(T )
at various temperatures
Temp P10K0(T )
(K) (cm3 s�1K1=2)
500 8.467 x 10�12

1000 5.195 x 10�11

1500 1.542x 10�10

2000 3.401 x 10�10

2500 6.349x 10�10

It is found that at low temperatures, the rates for vib-
rotational transitions are not signi�cant in comparison to those
for the pure rotational transitions. However, they are essential
as they connect the vibrational states. But, at large temper-
atures, the rates for the vib-rotational transitions are quite
signi�cant.

Collisional rate coe�cients for the downward transitions at
500 K are calculated, and are given in Table 3 in the electronic
form via anonymous ftp.

For the values for collisional rate coe�cients for vib-
rotational transitions for other higher temperatures, and for
other molecules, scientists may contact the authors.
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