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Cross sections are calculated for the excitation of fine-structure levels in neutral atomic oxygen and in
both neutral and singly ionized carbon by collisions with neutral hydrogen atoms. The appropriate reaction
rates are averaged over a Maxwell distribution of relative velocities, and the results are applied to a dis-
cussion of atomic cooling processes in the interstellar medium.

I. INTRODUCTION

HE excitation of fine-structure levels of relatively

abundant atoms by collisions with atomic hydro-

gen has been proposed as a possibly important cooling

process in the interstellar medium.! In particular, a
process involving atomic oxygen

O(3P2)+H’_" O(3P1.0)+H

has been discussed in this connection,*?® and also in
regard to the upper atmosphere.! No explicit calcula-
tions of the cross section for this process have been
published. However, Breig and Lin® have considered the
production of this transition by electron impact.

A somewhat similar process involving singly ionized
carbon has been considered by Dalgarno and Rudge®;

C+(2P1/2)+H i C+(2P3/2)+H.

These authors have estimated the cross section for this
process and, on that basis, have estimated the cooling
rate to be expected. However, there does not appear to
be any good reason to ignore a reaction involving neu-
tral carbon:

C(Py)+H— C(3P1,)+H.

(The ground state of singly ionized oxygen is a 4 state,
so there are no levels of this type to be considered.)
Processes involving oxygen and carbon atoms are of
interest because these are the most abundant elements
with energy levels in the range of a few hundredths of an
electron volt or less above their ground state.” Low-
energy processes are important because the temperature
of the interstellar gas is estimated to be about 125°K.!
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The transition energies for the three reactions listed
above are given in Table I. It is apparent from the table
that it will be energetically possible for excitation of
transitions involving these levels to occur in the
interstellar gas, although in the case of oxygen, the
effective cross section will be quite substantially reduced
since only a relatively small portion of the gas will be
able to produce an excitation.

After an excitation takes place, the atom will subse-
quently lose its energy, mainly by magnetic dipole
radiation. Collisional de-excitation is probably unim-
portant (except for the 3Py — 3P, transition in carbon,
which seems to be unimportant anyway as a source of
cooling), since if the number density of the interstellar
gas is 10 cm™2, and the de-excitation cross section is
100a¢?, the mean free time between collisions at a tem-
perature of 125°K should be in excess of 2X 108 sec. For
comparison, the lifetime for a magnetic dipole transition
with an energy of 5X1072 eV (58°K) can be estimated
to be about 7X10¢ sec. Thus the radiative lifetime is
short compared to the time between collisions. There-
fore, the population of these excited states will not be in
thermal equilibrium with the ground state. We may
conclude that essentially all of the excited atoms
radiate.

The contribution of excitations produced by atom-
atom collisions to the cooling of the interstellar medium
can be compared with that produced by other mecha-
nisms of excitation. This will be done briefly in Sec. V.
The conclusion may, however, be anticipated here: We
find that atom-atom collisions dominate for tempera-
tures of the medium below 1000°K.

TasLE I. Lowest energy levels in ionized and neutral carbon, and
in neutral oxygen. Energies are measured in degrees Kelvin.

Energy above

Atom State ground state (°K)
c+ 2Pys2 0
ct 2Pyse 92
C 3P 0
C 3Py 23
C 3P, 62
0 3P; 0
0} 3P, 228
0O 3P 326

26
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The cross sections for the three processes previously
mentioned will be computed using procedures developed
in a study of sensitized fluorescence in alkali-metal-
rare-gas mixtures.8 This method, which has been studied
in detail elsewhere,® enables computation of cross
sections in an approximation which satisfies the re-
quirements of unitarity, and is exact in certain inter-
esting limiting cases. The most serious approximation
we make concerns the interaction between the atoms. In
the cases we consider here, the interaction of longest
range capable of producing a transition between fine-
structure levels is the Van der Waals interaction, and it
is this which will be treated here. Of course, the inter-
action of oxygen and carbon atoms with hydrogen
atoms is more complicated than this, particularly at
short range; and it is hoped to consider the interaction
in a more detailed way in subsequent work. However,
the cross sections we compute are considerably larger
than 7R?, where R, is the effective atomic radius. This
indicates that collisions at relatively large distances are
effective in producing transitions; and we may expect
that our simple treatment of the interaction is reason-
ably adequate in this region.

II. METHOD OF CALCULATION

The method we will use to calculate the cross section
for excitation was developed in Ref. 8. We will review
the procedure briefly here. The impact-parameter
method is employed. We assume that the interaction
between the colliding systems which produces the
transitions of interest can be represented by some
effective potential V. The amplitude of the ith excited
level will be denoted a;. These quantities satisfy the
coupled differential equations

da,- 1 . .
== T Vsl fas @)t
dt hog

(1)

in which

hwj,~=Ej—-Ei (2)

is the energy difference between states 4 and 7.

A useable exact solution of Eq. (1) is not known. An
approximate solution which has many desirable prop-
erties is the following: Let the a,(f) be regarded as the
components of a vector a. We put

t
w=e| ~if QO hi-=,  ©
where Q(#) is a matrix whose elements are
1Q 5= (i Vers| fleteiit. 4)

The approximate solution (3) becomes exact if and

8 J. Callaway and E. Bauer, Phys. Rev. 140, A1072 (1965).
9 J. Callaway and J. Q. Bartling, Phys. Rev. 150, 69 (1966).
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only if Q(¢) and

[ owu

commute. This condition is satisfied only in a limited
number of cases. However, as an approximation, it has
the desirable features of (a) reproducing first-order
perturbation theory when the interaction is weak, (b)
giving an exact solution when

[Q(t), t Q(t’)dt’:l=0 ,

o —00

and (c) preserving the normalization of the state vector
a no matter what the interaction is. The last property
makes it possible to compute cross sections using inter-
actions which are singular at small distances without
having to impose an arbitrary cutoff.

Cross sections are found as follows : Let

M = / Q«;(t)dt . (5)

We wish to calculate exp(—iM). To do this, we find, by
standard procedures, a unitary matrix U which diago-

nalizes M :
Mp=U+MU. (6)

The matrix U is formed from the normalized eigen-
vectors of M. The diagonalized matrix Mp is expo-
nentiated according to the prescription

Lexp(—iMp)]ij=0:; exp[—i(Mp):], (M
and then the reverse transformation is applied to e~*¥2;
exp(—iM)=U exp(—iMp)Ut. (8)

The components of a are now available, and the cross
section for the transition from state 7 to state 7 is
obtained from

01,;':/[ ldi(w)lzﬁdpdﬂa

=/:/0”l[em(-iM)]ﬁI2Pd pde (9)

(assuming that the atom was in state j for i=— ).
Here, p is the impact parameter, and ¢ is the azimuthal
angle.

III. OXYGEN-HYDROGEN COLLISIONS

We discuss the calculation of the cross sections for the
J=2to J=1, and J=2 to J=0 transitions in atomic
oxygen in detail. The calculations concerning the other
processes mentioned in the Introduction are quite
similar, and we discuss only those features in which they
differ from the present case,
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Fi6. 1. Coordinate system for
collision of a hydrogen atom H
with an oxygen atom O. For
convenience, only one of the
electrons of the oxygen atom is
shown. The polar axis is oppo-
site in direction to the velocity
G vof H.

The interaction between oxygen and hydrogen atoms
is undoubtedly quite complex at short range. We con-
sider here only the interaction of longest range: the
asymptotic Van der Waals interaction, which is pro-
portional to R~S. The contribution of a possible quad-
rupole moment of the oxygen atom will be ignored.
Effects due to elastic scattering of the atoms are also
disregarded, and the relative velocity is assumed to be
unchanged during the interaction. A partial correction
for the difference in speed after excitation is applied at
the end of the calculation. For the present purposes,
the four electrons of the oxygen atom in the 1s and 2s
states may be neglected, and the effective potential
which produces transitions between the levels of interest
may be written

Ver=2_ v(x4),

T

(10)

where the sum runs over the four electrons in 2 states.
The function »(x;) may be expressed as

v(x;) = — 3 (ane?r2/R%) (3 cos¥;+1).  (11a)

The coordinate system is shown in Fig. 1. However, as
mentioned in Ref. 8, we may ignore the portion of the
interaction potential which is spherically symmetric
since that can not produce a transition among the levels
of interest to us. Thus, we may write
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in which 6; is polar angle of the position vector of
electron ¢ with respect to the vector of length R con-
necting the nuclei of the colliding atoms and ax is the
polarizability of hydrogen. We require the matrix
elements of Ve between wave functions representing
the states of interest. These are linear combinations of
determinantal wave functions ; however, the calculation
can be performed quite simply in terms of the wave
functions for the states of two p electrons in L-S
coupling as given by Slater.’® Since we are concerned
with states of J=2, 1, 0, the matrix Q of Eq. (4) is 9X9.
The spin sums and angular integrations required in the
calculation of Q may be performed readily, and we find

aH82<1'2>

hRS

Quij=— 2 6"V e (©,@)e it (12)

The states ¢, j here refer to two-particle wave functions
characterized by the quantum numbers J, my. The
quantities ¢;;(™ are numerical coefficients. The V5,, are
normalized spherical harmonics which depend on the
angles specifying the orientation of the vector R con-
necting the colliding atoms. Finally, (%) is the average
of 72 for a single 2p electron. This quantity was com-
puted using the wave functions of Clementi et al.* We
obtained (r%)=1.974a,*. The integration over time can
now be done using Eq. (16) of Ref. 8. The elements of
the Hermitian matrix M can be expressed as

37 aneXrt)

2(x;) = (—ane’r2/R8) Py(cosb;) , (11b)
1 0 -—=56)" 0 0 1P (x1)
-3 0 -3 0 F3(x1)
-1 0 5(6)12 (—6Y2/18)Fs(xy)
—3 0 —F1(x1)
—1 0
1
2

L

in which we have

Fi(x)=e = (234 652+ 15x+15) ,
Fa(x)=e(x3+3x*+3x) ,
Fi(x)=3e = (@d+ 222432+ 3)
xi=wip/v,
wi=E(J=1)/h,
we=E(J=0)/#,
ws=[E(J=1)—E(J =0)1/h.

(15)

=T (13)
160 7wp®
The matrix .S has the form
(22/6)F 1 (1) 0 (—342/9)F1(x))
(212/6)F o(x1) sF1(%1) 0
0 (6'2/18)Fy(x1)  (82/3)F3(x)
(-— 2”2/6)F2(x1) —Fa(x1) 1]
(2'2/6)F1(x1) 3Fa(x1) (32/9)F1(x2) |, (14)
0 (31%/9)Fa(as)
1 0 0
—3 (—32/9)F 3(xs)
0 J
Energies are measured with respect to the ground state
(J=2). The order of states used in writing the matrix .S
above is (J=2’ my= 2); (231)7 (2’0)) (27 *1): (2: '—2)1
(1,1), (1,0), (1, —1), and (0,0). An inessential depend-
ence on ¢ has been suppressed.
In general, the matrix M must be exponentiated
numerically. However, in the limit x;=0 (for all 7), it is

107, C. Slater, Quantum Theory of Atomic Structure (McGraw-
Hill Book Company, Inc., New York, 1960), Vol. II, p. 202.

1 E, Clementi, C. C. J. Roothaan, and M. Yoshimine, Phys.
Rev. 127, 1618 (1962).
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possible to make use of the fact that F5(0)=0, and
perform the exponentiation analytically. This limit
corresponds to the case where the energy differences
between the states may be neglected, and is approached
when the relative velocity of the colliding atoms be-
comes large. We will refer to this as the w=0 approxi-
mation. Although the w=0 approximation will not be
good over the entire range of energies of interest to us,
it is interesting to give the explicit results in that case,
since a closed formula for the excitation cross section can
be obtained.

In the limit of w=0, the matrix M may be partitioned
into a 5X5 and a 4X4 matrix. This corresponds to the
fact that in this limit, transitions with Am;==1 are

forbidden.
Ms O
M=< )
0 M,

The 5X 5 submatrix M5 contains the states (2,2), (2,0),
(2,-2), (1,0), and (0,0), and M, contains (2,1),
(2, —1), (1,1), and (1, —1). Then

e—iMs 0
e M= .
Co o)

The unitary matrices Us and U, which are required for
the construction of the exponentiated matrices are

(16)

17

[ a b 0 a —b
_a/31/2 b/31/2 _§_1/2 a/31/2 6/31/2
Us= b —a 0 b a |, (18)
—b —a 0 b —a
| —32qg 2V L2 22g 2%
}o—p 0 g
1 0 12 1
U= 1 11/2 20 N (19)
2 2 2
=3 o e
In the above matrices,
a= (21/2_ 1)1/2/25/4 , b= (21/2+ 1)1/2/25/4 . (20)

The calculation of the exponential matrices can now be
performed without difficulty. We find

(A —B/62 0  —B/2> —B/3w
C —B/6" 0  D/(18)"
¢ iMs= A B/2V2  —B/3
A 0
. E
(21)
F —3B —1D —iB
i F 3B —1iD :
M= - (22)
F
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In these matrices, we have
A=¢% cosdd,
B=ie' sin5d,
. % (36 id+4g—2id+ e——4id) ,
D: eﬁid_ Zer—Zid+e—4id ,
= %(eﬁid_l,, e——2id+e—4id) ,
F=1(ebid- 2 2idf g—tid)
3 aneX(r?)

160 7ips

(23)

The exponential matrices are symmetric but not
Hermitian.

The transition amplitudes can be immediately found
from the appropriate elements. The integration over
impact parameter p is accomplished with the aid of Eq.
(19) of Ref. 8. To obtain cross sections for the transtiton
from J to J’, we sum over the partial cross sections from
my to my., then average over the initial 7. The result
for the J to J’ transition will be labeled o;.,;. We find

27 eXr2\%5
0’1,2/0,0 =C<_“‘ >
160 fas (24)
oo,2= (4/9)01,2,
70,1~ 0
w2 (25)
SOF (7/5) sintr

The quantity ao is the Bohr radius of hydrogen. We
have inserted the value of the polarizability of hydrogen:
O!H=92‘(I«03.

It is convenient, with regard to the construction of
thermal averages of the collision cross section which
will be considered below, to measure the speed » which
appears in the above formulas in terms of a temperature.
Therefore, we will define a temperature 7 through the
equation

u*=KT, (26)

in which K is Boltzmann’s constant and u is the reduced
mass of the colliding atoms. In the present case,

(27)

The cross sections given above can then be expressed
numerically as

wr=matmot.

0’1,2/002= 87.11T~1/5 5
38.727-115

where T is in degrees Kelvin.

We now wish to consider the excitation cross sectlons
without the approximation w=0. Numerical computa-
tions were made for this case using the full matrix of

(28)

0o 2/1102=
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Eq. (14). The operations of matrix diagonalization,
exponentiation, and integration of the transition proba-
bility to determine the cross section were performed on
an IBM 7040. Some features of the results deserve
comment.

The partial cross sections (transitions between states
of specific m; and m,.) which do not vanish when w=0
remain large throughout the range of parameters we
consider. However, as a function of velocity, such cross
sections exhibit broad maxima with increasing velocity,
followed by a slow decrease, instead of the monotonic
decrease predicted by Eq. (24). For relatively high
velocities, the cross section does approach the value
given in Eq. (24). This behavior is illustrated in Fig. 2
for such a transition (J=2, my=2 to J=1, m;=0).

There are two other kinds of partial cross sections to
be considered: (a) those which have a nonzero matrix
element in first-order perturbation theory if w£0. An
example of this type is that for the transition (2, 2 to
1, 1), which is shown in Fig. 2. Typically, these range
from 10 to 209, of the large cross sections, and decrease
somewhat more rapidly with increasing velocity. (b)
Nearly an order of magnitude smaller than these are the
partial cross sections which vanish in first-order pertur-
bation theory, such as (2, 2 to 2, —1), also shown in
Fig. 2. These make a negligible contribution to the total
cross section. The cross sections for the transitions
(2,0—1,0) and (1,0— 0, 0) are found to vanish.

Cross sections computed according to our procedure
have one important defect. No account has been taken
of the change in velocity of the incident particle during
the encounter. As a result, the cross sections do not
vanish automatically when the kinetic energy of the
particle is below the threshold for excitation. It seems to
us that a reasonable way to correct for this difficulty is
to multiply the cross sections computed as described
above by v,;/v;, where v, and v; are the final and the
initial relative velocities of the colliding atoms. This

2,291,1

" ;
200 400 600 800 1000 1200
T(°K)

F16. 2. Some partial cross sections for oxygen. The partial cross
section for the transitions (2,2—1,1), (2,2—1,0), and
(2,2— 1, —1) are shown as a function of velocity (as measured
by the velocity temperature 7). The result of the w=0 approxima-
tion is shown for the (2, 2 — 1, 0) transition.
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DUGAN 163
ratio is given by
vf/'”;’: (1"’Eexc/%”vi2)u2 ’ (29)

in which E.. is the excitation energy for the transition
and g is the reduced mass of the colliding particles. This
factor, which can be derived from very general con-
siderations, is present in all theories in which the motion
of the colliding particles is treated quantum-mechani-
cally.-We believe that it is probably the most important
quantum correction to the impact-parameter method.
Cross sections including this factor of v;/v; will be re-
ferred to as corrected cross sections, as compared to
those obtained directly from Eq. (9). Corrected and
uncorrected cross sections for oxygen are given in
Table II. The corrected cross sections are shown in
Fig 3.

We now discuss the calculation of the cooling rate of
the interstellar gas due to the excitation processes
previously described. It is convenient to begin by ob-
taining a thermally averaged effective cross section.

TasLE II. Cross section for excitation of fine-structure levels in
oxygen. The uncorrected cross sections are those obtained by
numerical integration of Eq. (9); corrected cross sections include
a factor of vs/v;.

Corrected cross sections
a12/ad?, oos/ad?, cor/act

Uncorrected cross sections
T (°K), g12/ae?, ooz/ad?, oor/ac?

200 18.81 4.81 5.47 3.90
300 19.69 5.64  3.67 9.65 3.01
400 20.17 6.15 2.51 13.22 2.65 2.18
500 20.40 6.57 1.77 15.04  3.87 1.59
600 20.45 6.83 1.29 16.10 4.62 1.18
800 20.28 7.23 0.80 1714 5.57 0.75
1000 19.94 7.42 0.60 17.52 6.09  0.57
1200 19.57 7.47 0.50 17.61 637 047

Since we are actually interested in a reaction rate, we
define

Voot = /P(v.-)v,-oco,,(v)d%;. (30)

In this equation, P(v;) is the Maxwellian distribution of
relative (initial) velocities of the colliding particles

p(z,) = (ﬂ /27r K@)s/ze——uﬁ/zm’ (31)

and 7 is the average velocity for such a distribution;
v= (8K O /mu)'2. (32)

In addition, u is, as before, the reduced mass, and @ is
the temperature of the medium. The cross section which
appears above is the corrected one which contains the
multiplicative factor of v;/v;, The calculations are
simplified by introducing the velocity temperature 7°
defined by Eq. (26). We then introduce the quantities
yand a;

a=E../K®,

y=T/0—a. (33)
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With these substitutions, we find
O'eff:"e_af e—v[y(y'l"a)]lﬂo'uncon(y'*‘a)dy' (34)
0

Note that we have introduced the uncorrected cross
section. To compute these effective cross sections, we
made a polynomial fit to the uncorrected cross sections
given in Table II. Beyond the range of temperatures
given there, we have used the formulas obtained in the
w=0 approximation. The results are given in Table III
as a function of the temperature of the medium.

The cooling rate can be obtained quite simply from
the effective cross section. As was pointed out in the
Introduction, the lifetime for collisional de-excitation is
considerably longer than that for radiation. We are
concerned with a gas in which the average density is
perhaps 10 cm™3. Then if we consider a transition with
a cross section of 2.5)X 10715 cm? and a relative velocity

TaBrE III. Thermal averaged effective cross section and cooling
rates for transitions in oxygen. These quantities are given as
functions of the temperature ® of the medium. Cooling rates are
based on the assumptions #g=10 cm™3, #o/na=9X10"%

Al,z A0,2
(10~% erg/ (1072 erg/

0 (°K) a1,/ 00,2/ a0® sec cm?) sec cm3)
50 0.446 0.023 0.037 0.003
75 1.78 0.174 0.182 0.026

100 3.47 0.474 0.41 0.080
125 5.14 0.857 0.68 0.162
150 6.64 1.27 0.96 ° 0.26
200 9.04 2.05 1.51 = 0.49
300 12.03 3.27 2.47 0.96
400 13.65 4.05 3.24 1.38
600 15.10 491 4.39 2.04
800 15.58 5.30 5.22 2.54
1000 15.70 5.48 5.89 2.94
1200 15.66 5.56 6.43 3.26

of 2X10% cm/sec, the mean free time is 2)X 108 sec. The
radiative lifetime for the transition 3P;— 3P, as de-
termined from the calculations of Pasternack!? is 10* sec.
Thus, if an atom is excited, it will almost always radiate.
Hence, the cooling rate due to a particular transition
will be just the rate at which energy is transferred to
excited states by collision. This is, for a transition from
state j to state 7,

35)

where ¢ ;,;is the effective cross section just discussed, 7z
is the density of hydrogen, and #, is the density of
oxygen. The ratio of these densities has been estimated
to be’

0i,5= EexcnonHz-)a' 4,7

no/ng=9X107*.

Cooling rates have been calculated in this way for the
J=2 to J=1 and J=0 transitions, and are given in
Table III. Their significance will be discussed in Sec. V.

12 S, Pasternack, Astrophys. J. 92, 129 (1940).
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(2-1)

2
"'/“e

(2>0)

(1->0)

° . L T r
200 400 600 800 1000 1200
T(K)

Fic. 3. Corrected cross sections for oxygen. The cross sections
for the transitions (J=2—J=1), (2—0), and (1 — 0), cor-
rected by a factor of vs/v; are shown as a function of velocity as
measured by the kinetic temperature 7'.

IV. CARBON-HYDROGEN COLLISIONS

We now turn to the excitations produced in collisions
between carbon and hydrogen atoms. In the case of
neutral carbon, our attention will be focused on the
J=0 to J=2 transition. It will be seen from Table I
that this transition has a much lower excitation energy
than was the case for the transitions we have considered
in oxygen. The other possible transition from the ground
state, that connecting J=0 with J=1, has a cross
section which vanishes in the w=0 approximation, and
on detailed computation turns out to be about 109, of
that for J=0 to J=2. Consequently, it may be ignored
in applications to the interstellar medium.

The computation of the cross section proceeds exactly
as in Sec. III. It is necessary to change the radial matrix
element, which turns out to be substantially larger in
the present case: (%=3.748a%.. The sum over final
states leads to a difference of a factor of 5, since in
carbon, J=01is the ground state. In the w=0 approxima-
tion, we therefore obtain

2TmeX(rP\2®
72,0/ @0 =3.90(————> =249 5715, (36)
160%vay?

Numerical calculations of the cross section have been
made just as described in the case of oxygen, and the
results are tabulated in Table IV.

TasLE IV. Corrected cross sections for ionized and neutral carbon.

T (°K) a3/2,1/2/a0* T (°K) a2,0/ac®
100 24.52 75° 32.22
200 64.85 100° 49.14
300 70.90 150° 60.74
400 72.24 200° 64.68
500 71.81 400° 65.88
600 71.25 600° 63.75
800 69.50

1000 67.67
1200 66.04
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It may be that a significant portion of the carbon in
the interstellar gas is in the form of C* since the
ionization potential of carbon is lower than that of
hydrogen. Dalgarno and Rudge® assumed that almost
all the carbon is in this form, and calculated the cooling
rate to be expected. However, they used different
abundance figures. We have repeated these calculations
by our methods. We find that the cross section for the

=1 to J=4% transition in this system is not much
different from the J=2 to J=0 transition in neutral
carbon.

The effective interaction between carbon ions
and hydrogen atoms is, in the framework of our
approximations,

37)

where F is the electric field at the hydrogen atom pro-
duced by the carbon ion. We denote the coordinate of
the single 2p electron by 7, and treat the nucleus plus the
four electrons in 1s and 2s shells as a core of charge 2.
Then Ve may be expanded in the form, valid when R,
the separation between the nuclei of the particles, is
much larger than 7;

—_ 1 "
Vett=—3aul?,

47 cosf 72
1— (6 cos?—4)—+ - - :I . (38)
R R?

%aﬁezr
R L

The leading term in this expression which depends on
the coordinates of the 2 electron is proportional to
R-5; however, this cannot cause transitions between

Vest=—

1 0 5372 0
-1 0 53

- —1 0

5= |

The order of states in Eq. (42) is (3,3), &,3), ¢, —3%),
%y _%)’ (%;%)7 and (%’ —%)

This matrix was exponentiated numerically, and the
cross sections found by numerical integration. They are
listed in Table IV, where they may be compared with
corresponding ones for neutral carbon.

Effective cross sections may be computed by a
thermal average, as was also done for oxygen. These
results are listed, for both neutral and ionized carbon, in
Table V. It will be seen that the cross sections are
slightly larger for ionized carbon. In order to compute
the cooling rate for transitions in carbon, we:require
both the total abundance of carbon and the fraction
which is ionized. The total abundance is reasonably well
determined (relative to hydrogen) to be”

nc/m;: 4:>< 10"4

However, we must guess at the proportion ionized.
Fortunately, the near equality of the cross sections in

CALLAWAY AND A. F.

—(6'2/9)F1(x)  (—6"%/9)Fs(x)
0 0
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states of the same parity since it is odd under inversion.
Hence, we may drop the first two terms in the expan-
sion, as well as the spherically symmetric part of the
third term. V¢ reduces to

Vest= 2anc’r®Py(cos)/R°. (39)

Transitions between P states of J=% and J=$ have
already been considered using this method in Ref. 8 in
the w=0 approximation. Comparison of Eq. (39) with
that paper indicates that expression of Ref. 8 for the
2 — % cross section may be adopted here provided that
the interaction strength is multiplied by a factor of 2.
Thus

27meXr?)
80%vag?

2/5
03/2,1/2,1/(102:3.90( ) =2887-15.  (40)

The radial matrix element was computed to be 2.689a%
using Clementi’s wave functions.’® This may be com-
pared with Eq. (36).

We have also made numerical calculations of the
cross section as described in Sec. III. In the case of
ionized carbon, these are somewhat more rapid, since
the matrix M which is to be exponentiated is only 6X6.
Instead of Eqs. (13) and (14), we have

u='3—1£aﬂgz<rz> i (41)
80 7Zwp®
in which the matrix S is given by
(612/9)Fs(x)  (—6'2/9)F1(x)
—(8%/3)F3(x)  (2'2/9)F1(x)
— (25/OFy(x)  (~8%/3)Fy(x) @)

0

the two cases indicates that the uncertainty due to lack
of knowledge of the ionization is not too large. (Tonized
carbon does tend to contribute somewhat more to the
cooling rate than an equal amount of neutral carbon
because the transition energy is higher by a factor of £.)
We give estimated cooling rates in Table V, under two
assumptions: (a) that all of the carbon is neutral and (b)
that all is singly ionized. The actual situation will
correspond to some average of these results. The cooling
rates due to oxygen and carbon atoms are compared in
Fig. 4.

V. DISCUSSION AND CONCLUSIONS

The principal conclusion of this work is that if van de-
Waals’s interactions are considered, the cross sections
for the production of transitions between some finer

13 E, Clementi, Tables of Afomic Functions (International
Business Machines Corporation, New York, 1965).
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Fic. 4. Cooling rates due to oxygen-hydrogen and carbon-
hydrogen collisions are shown as a function of the temperature of
the interstellar gas ©. The density of the gas is assumed to be
10 cm™3. The curve labeled C°-H is computed under the assump-
tion that all the carbon is neutral; that labeled C*-H assumes that
all is ionized.

structure levels of oxygen and both neutral and singly
ionized carbon atoms by collisions with neutral hydro-
gen atoms are of the order of 5X 107 cm? and 2X 10715
cm?, respectively, for the range of relative velocities of
interest in astrophysical applications. These cross sec-
tions are large enough so that the cooling processes they
produce are probably of substantial importance in the
determination of the equilibrium temperature of the
interstellar medium.

It appears that the possibility of relatively large cross
sections for low-energy transitions in encounters be-
tween neutral atoms has perhaps not been appreciated.
The leading term in the interaction between such atoms
is often the van der Waals interaction, and this appears
to be sufficiently strong and of sufficient range to pro-
duce large cross sections. It is certain that the simple
asymptotic formula we have used for the interaction is
inadequate for close encounters; however, in such cases,
details of the interaction are relatively unimportant as
long as it is strong.

Note that electron excitation of these transitions is
probably substantially less important than that due to
collisions with neutral hydrogen. The cross sections for
electron excitation of fine-structure transitions in neu-
tral oxygen have been carefully calculated by Breig and
Lin.® If we assume that the electron temperature is
10%°K or less and that the fractional abundance of free
electrons relative to hydrogen is 2X10~, the cooling
rate due to electron induced transitions in oxygen is
down by a factor of 20 or more with respect to that due
to collisions with neutral hydrogen (at 125°K). Simi-
larly, electron-induced excitation of other elements may
be expected to be relatively less important compared to
the processes we consider if the abundance of free
electrons is in fact of the order stated.
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TasLE V. Thermal average effective cross section for jonized and
neutral carbon, and cooling rates due to carbon, assuming (a) that
all carbon is neutral, and (b) that all carbon is singly ionized.

A A
(1026 erg/ (10726 erg/

sec cm?®) sec cm?)
(] a3/2, 1/2/002 a2,0/a0* Neutral C  Ionized C
50 22.3 32.5 0.33 0.33
75 36.5 443 0.55 0.67
100 45.8 50.9 0.73 0.97
125 52.0 54.8 0.88 1.2
150 56.2 57.2 1.0 1.5
200 61.2 59.7 1.2 1.8
300 65.2 60.7 1.5 24
400 66.3 60.1 1.7 2.8
600 65.7 58.0 2.0 34
800 64.3 55.9 2.3 3.8
1000 62.7 54.1 2.5 4.2
1200 61.3 52.6 2.6 4.5

Another cooling process which may be of some im-
portance is the excitation of rotational levels of the
neutral hydrogen molecule by collisions with hydrogen
atoms.* Since the excitation energy for the lowest
rotational transition in H, (J=0 to J=2) is roughly
twice that of the processes we have considered here, such
excitations would not be an important source of cooling
in a gas with a temperature in the neighborhood of
100°K. The calculations of the cooling rate due to
excitation of H, are extremely uncertain because there
are as yet no observations of these molecules in the
interstellar gas. The calculations reported in Ref. 14
indicate that cooling due to molecular excitation will be
smaller than that due to atomic excitations for temper-
atures less than 1000°K if the number of hydrogen
molecules present is 1072 of the number of. hydrogen
atoms.

The question whether the calculated cooling rate is
consistent with the energy input must also be con-
sidered. A more detailed discussion of the processes in-
volved in the heating of the interstellar gas can be found
in Ref. 1. The principal sources of heating are believed
to be cloud-cloud collisions and ionization by low-energy
cosmic rays. On an average basis, the energy input from
these two sources is estimated to be about 4.6XX1072
erg/cm? sec for a density of 10 cm™3. This would be
consistent with our estimates of the cooling if the tem-
perature were in the range 60 to 75°K in which case
carbon atoms would be the most important source of
cooling. The cooling rates are rapidly increasing func-
tions of temperature below about 200°K, and if the gas
temperature is as high as 125°K, as estimated in Ref. 1,
the total cooling rate will be larger by a factor of 3 or
more than estimated energy input. Since the cooling due
to collisions is proportional to the square of the density,
while the heating processes considered above are pro-
portional to the density, it might be necessary to revise
downward the estimated density. Alternatively, it may
be necessary to reinvestigate possible heating processes.

14 K. Takayanagi and S. Nishimura, Publ. Astronom. Soc. Japan
12, 77 (1960).



