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ABSTRACT

Along with the very frequent occurrence of every CH 9 cm line inversion, CH radio observations also show
the existence of another almost universal characteristic of this line’s excitation: the overexcitation of the satel-
lite F =0—1 line. Attempts to explain this fact, by means of quite a wide sample of local and nonlocal
models as presented here, failed when line overlap was not taken into account.

As will be shown, the overlap of two components (F=2*—1" and F=1"—17) of the 21'11/2 J=
3/2— J = 1/2 rotational transition leads to the above-mentioned satellite-line anomalies. The numerical results
are in reasonable agreement with the observations, and the mechanism satisfies the requirement of universal-
ity.

Subject headings: interstellar: molecules — molecular processes

I. INTRODUCTION

The CH 9 cm lines present favorable conditions for observa- J
tion, and quite a complete set of experimental data from these EK)
lines in the interstellar medium exists today. 100 +

A primary analysis of the bulk of these observations imme- J =372
diately suggests the two main features of the interstellar CH
excitation: the inversion of all three lines in the majority of the
sources and a strong asymmetry between the hyperfine com-
ponents, consisting of a net overexcitation of the F =0—1
transition. Figure 1 shows rotational energy levels of CH. 80
Parity, total angular momentum J (without nuclear spin I),

F(F = J + I), and the 9 cm transitions have been indicated.

The inversion of the 9 cm lines seems to be very generalized,
as is indicated by the fact that they are very often observed in
emission, even in front of strong continuum sources such as
Cas A and Ori A. This quite ubiquitous feature has been satis- 2 2 3/2
factorily explained as a result of a parity discrimination in the 60 12
collisional transition rates between the rotational ground state
and the first excited state, I1,,, J = 3/2 (see Bertojo, Cheung,
and Townes 1976; Elitzur 1977; Dixon and Field 1979a, b; the
collisional law is also discussed in § IT). The inversion mecha-
nism is very simple, the + — + collisions are more probable
than the — — — ones, and then the subsequent radiative
cascade (- — +, + — —) tends to overpopulate the upper 40 -
(—) level of the 2I1,,, J = 1/2 state with respect to the lower
(+) level. At kinetic temperatures high enough to make this
collisional pumping possible, the result is an inversion of the
ground-state transitions.

The hyperfine asymmetry appears clearly when a cloud can
be observed both in front of a continuum source and also 20
beside it, just against the 2.7 background (ON-OFF experiments).

The simplest model for these measurements will be considered.
The OFF continuum source brightness temperature is given by

Fpopr = (Tox — Toa)[1 — exp (=] & (T, — Tpo)t
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! Observatorio Astronomico Nacional, Centro Astronomico de Yebes,
Apartado 148, Guadalajara, Spain.

2 Departamento de Optica y Estructura de la Materia, Facultad de Cien- FiG. 1—Lowest hyperfine levels of CH; only the excited states radiatively
cias Fisicas, Universidad Complutense, Madrid, Spain. ‘ connected with the ground level are represented. Splittings are not to scale.
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(fis the line strength, T, the excitation temperature, and Ny
the column density). The ON brightness temperature is

Tgon = (Tex — T — exp (—=7)] = (T — TNt
o (Tox — T fNew/Tex ® — Te fNen/ Tk

(T is the continuum brightness temperature). ,

For observations just in front of the cosmic background
(Tyg = 2.7 K), the line intensities have approximately the theo-
retical ratio

0—1/1>1/1-0=1/211

(as can be generally observed), which is independent of the
exact state of excitation of the lines. However, for the ON mea-
surements, the observational intensity is approximately pro-
portional to f/T,,, and differences in excitation are now
manifest.

The observations are conclusive: In the Ori A region, the
0— 1 and the 1— 1 lines have almost the same intensity in
front of the continuum source. However, beside it, only the
1— 1 transition is frequently detected. In W3C2 the three lines
are nearly in the theoretical ratio outside the source, but the
0— 1 is 2 times stronger than the others in front of it. Against
the continuum of W43, the 0— 1 line is just as intense as 0.25
K, whereas the others are hardly detected to a noise of 0.03 K
(Rydbeck et al. 1976). Even in the sources in which the
two other lines are observed in absorption (M17, RCW 38,
G327.3—0.5, NGC 6334), the 0— 1 line is always observed in
emission. Thus, it can be said that all the observations confirm
the 0— 1 overexcitation, or, at least, that they are consistent
with it.

Even though some explanations have been suggested, no
detailed investigation of the mechanism responsible for this
important feature has been presented to date.

A selectivity in collisional rates between hyperfine levels
could induce differences in the excitation of the 9 cm line com-
ponents. However, this possibility implies conjectures about
rather unknown parameters. Also it presents difficulties in
another characteristic, which arises in a more detailed analysis
of the data: the fact that the excitation of the 1 — 0 transition is
generally higher and not lower than that of the 1— 1 tran-
sition. This point will be briefly discussed in §§ I and Illa.

Anomalies in the satellite lines can be found in the presence
of trapping in the two J = 3/2— J = 1/2 rotational tran-
sitions. In the first-order treatment, however, it induces under-
excitation not overexcitation of the 0— 1 transition. The
mechanism is very similar to that explained by Elitzur (1976)
for inversion of the OH F = 2— 1 transition (see § III). The
trapping in the components of the radiative cascade from the
11y, J = 3/2 or *Il,,, J = 3/2 states to the ground state modi-
fies their probabilities (originally equal to the Einstein A4-
coefficients), which become inversely proportional to the
degeneration of the upper hyperfine levels. Cascades tend in
this case to overpopulate the F = 1 ground levels and therefore
to diminish (enhance) the excitation of the 0— 1 (1— 0) tran-
sition. The main difference between OH and CH is that for this
latter molecule, only two rotational excited states (*I1,,
J = 3/2,%I15,, J = 3/2) are radiatively connected to the ground
state. For both of them, trapping behaves in the same wayj, i.e.,
leading a situation evidently contradictory to that experienced.

Along with pointing out the importance and nature of the
differences in excitation between the CH 9 cm components, the
purpose of this paper is to find a convincing explanation for the
origin of these anomalies.

II. COLLISIONAL RATES

The 9 cm transitions inside the A-doublet of the CH rota-
tional ground state are found to be inverted over a wide range
of physical conditions, which indicates the existence of some
simple generalized population inversion mechanism. This
mechanism seems to be a pumping cycle initiated by parity
selective collisions to the first rotational level (Elitzur 1977).

Collisions with H favor the *Il,, J=1/2%—>J =3/2"
transition with respect to the 1/27— 3/27 one (Bertojo,
Cheung, and Townes 1976; Elitzur 1977; Dixon and Field
1979a, b). Such an agreement between authors does not exist in
the case of H,. Bertojo et al. found the same selectivity as for
collisions with H atoms, whereas Dixon and Field suggest that
the — — — collisions are favored (this would lead to an anti-
inversion in the 9 cm lines). However, the cross section calcu-
lations seem to be less reliable in the case of H,, where the
reduced mass is larger and the potentials are harder than in the
H case. In any case, for the slightly anisotropic interaction with
H,, inelastic cross sections would be lower than for H by
perhaps one order of magnitude.

On the other hand, observations show the 9 cm lines to be
inverted in quite dense clouds, where most of the hydrogen is
thought to be in molecular form. This suggests in fact that all
collisional processes favor the + — + transition even in this
medium.

In conclusion, a parity discrimination in the collisions favor-
ing the *I1,,, J = 1/2* — J = 3/2" transition with respect to
I, J=1/2"—J =3/2" seems probable, although large
uncertainties are still present. In the statistical equilibrium cal-
culations, a unique set of collisional rates will be used, without
regard to possible differences in the chemical composition of
the clouds. Taking into account considerations of the above-
mentioned authors, a 20% selectivity favoring ’Il,,, J =
1/2* — J = 3/2* will be assumed. No other parity selection
effect is considered.

Another important factor in collisions is the ratio between
collisions joining different rotational states and those joining
the sublevels inside a given rotational state (C,;./Cay=o)- NO
calculations of this ratio has been achieved, but Dewangan and
Flower (1982) have found that de-excitation to the rotational
ground state of OH by collisions with H, can be about 3 times
smaller than transitions inside the ground-state A-doublet. In
this study Caj,0/Cay=0 = 0.3 is assumed, but this factor will
be considered almost like a free parameter in the calculations.
To establish the collisional law, this ratio and the parity dis-
crimination mentioned above were taken. De-excitations were
assumed to be proportional to the statistical weight of the
lowest level, and for the total cross section, the value 2 x 10713
cm~ 2 was taken.

The collisional models considered until now do not provide
preferential excitation of hyperfine levels. Differences observed
in the excitation of hyperfine levels will be explained in the
present work by means of a radiative mechanism. Of course,
we cannot exclude the possibility of hyperfine asymmetries due
to a particular collisional law, but even a hyperfine level selec-
tivity in the collisional excitation *I1;,, J = 1/2—J =3/2 is
not enough to explain the observations; this selectivity would
have to be parity dependent (see § II1a), and such a collisional
law seems to be too ad hoc. Nevertheless, it would be inter-
esting to study carefully the possibility of selection effects in
collisional rates (see, e.g., Varshalovich and Khersonsky 1977).

Collisions with charged particles are not considered in the
calculations. In fact, the rotational transitions due to collisions
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with electrons or ions are quite improbable (Rogers and
Barrett 1968; Goss and Field 1968; Bouloy and Omont 1977).
Moreover, they closely follow a dipolar law (+ < — selection
rule) which is inefficient in inducing anomalies in 9 cm line
excitation. Therefore, the inclusion of charged particles would
just contribute to microwave-line thermalization, which is
essentially equivalent to a decrease in the parameter
Cas#0/Cas=o-

III. EXCITATION MODELS

In order to test the efficiency of the different excitation pro-
cesses, it is necessary to construct numerical excitation models.
Here two kinds of models will be used. The first one consists of
an “exact” treatment of transfer for a given cloud configu-
ration, involving the radiative coupling between the different
parts in the cloud. The numerical code used is very similar to
the Monte Carlo program developed by Bernes (1978, 1979),
which has been adapted in this study to the CH molecule. The
second model is the well-known LVG, or Sobolev, approx-
imation, in which radiative coupling is localized by assuming
the existence of a large velocity gradient, greatly simplifying
the problem and its interpretation. In most cases, LVG results
are significant enough for understanding the excitation. Only
when we want to study an intrinsically nonlocal effect is it
necessary to consider an exact treatment.

a) Isotropic LVG Model

The Sobolev approximation consists essentially in intro-
ducing two escape probabilities, § and ., that enter into the
spontaneous decay rate and radiative excitation rate, respec-
tively, by multiplying the Einstein A-coefficient.

For a given transition u — [ (see Castor 1970),

)'C“ = ‘Aﬂxu + Aﬂc Ic(xl - xu) ’ (1)

where x is the population per magnetic sublevel, x = n/g; I, is
the intensity at the u— [ frequency emitted by a continuum
source occupying a solid angle Q,; and

B= Jld(cos 01 —exp (=7)/7 ; @

B = (1/Q) L dQ)[1 —exp (—=7)]/7 . ©)

In a radial velocity field, the opacity 7 in a certain direction
forming an angle 0 with the radius vector is given at a distance
r from the center by

70, 1) = 1o/[1 + (€ — 1) cos® 0] ,

e=dlnV@dinr, 4)

c34,
U
To = 87'CV3 gu(xl - xu)

r
Vi)

In the simplest case, V(r) oc r, € = 1, and 7 does not depend
on the angle. This is the isotropic LVG model to be considered
in this subsection.

Calculations corresponding to an optically thin case, in the
absence of infrared sources and physical conditions expected to
be typical of interstellar clouds (see legend to Fig. 2a), are
shown in Figure 2a. The introduction of a significant parity
discrimination (20%) in collisions leads, as expected, to the
inversion of the whole A-doublet, and no significant hyperfine
anomaly is found.
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Fi1G. 2—Excitation temperatures of CH 9 cm lines as functions of total
density, ny (em™3), in the absence of infrared sources. Physical conditions are
kinetic temperature, Ty = 20 K, 40 K; logarithmic velocity gradient, e = 1;
and column density to line width ratio: (a) in the optically thin case
New/AV =25 x 10'* em™2 (km s™!)~!; (b) in the optically thick case
New/AV =25 x 1083 cm ™2 (kms™!) 71,

When opacities of rotational transitions, 7z, are no longer
negligible, the effects of trapping are perceived (Fig. 2b). When
tr > 1, then B, B. ~ 1/7x, and the radiative probabilities
become proportional to 1/g,. If the population rates of the
J = 3/2 levels are proportional approximately to their sta-
tistical weights, as they are for the collisional law taken here, a
simple counting of possible decay probabilities shows that the
J=1/2 F =1 levels are overpopulated with respect to the
F = 0 ones. These effects persist when tz is of the order of
unity, as for the conditions in Figure 2b.

In these figures it can be noted that for very high densities
(ny > 10°) the situation is inverted, | T, (0— 1)| < | T,,(1— 0)].
The explanation is as follows: the presence of a certain opacity
decreases the actual decay probability (8 < 1), mainly for the
most opaque component of J = 3/2— 1/2,ie, F=2— 1. At
these high densities, collisional de-excitations start being com-
petitive with radiative ones, causing more of a relative decrease
in 2— 1 radiative decay. The partial replacement of the 2— 1
transition by 2— 1 and 2— 0 collisional transitions leads to a
relative overpopulation of F = 0 levels. However, this mecha-
nism, efficient only at such high densities, cannot explain the
generalized 0— 1 overexcitation.

As a test, calculations were also carried out taking a certain
collisional hyperfine selectivity into account. In particular, the
AJ =0 F =1— 1 collisions were considered to be more fre-
quent than those in the preceding law by a factor of the same
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order as the parity discrimination. As expected, numerical
results show a larger excitation for the 0— 1 transition;
however, the method of obtaining this result seems too artifi-
cial because of the lack of facts about hyperfine collisional
selectivity.

Moreover, |T,(1—0)| > | T,(1— 1)| was found, whereas
observations show (Rydbeck et al. 1976; Whiteoak, Gardner,
and Sinclair 1978) that both satellite lines are often more
inverted than the main line. The only way to overcome this
difficulty would be to assume that hyperfine selectivity depends
on the parity.

In the calculations presented above, the presence of possible
far-infrared sources is not considered. However, they are
included in the results depicted in Figure 3 (solid lines), which
are to be compared with those on the same figure (dashed lines)
where the presence of IR sources is not involved. In these
calculations, IR radiation should be due to dust emission. In
this case,

1
exp (W/kTp) — 1’

where Tj, is the dust temperature, and W is essentially equal to

I, = W(4)

Tor ()

18f
161

12}

4 L i 1 ! !

FiG. 3—Excitation temperatures calculated when IR sources are con-
sidered (solid lines), with Ty = 20 K, € = 1, Ny /AV = 7.5 x 10** ecm ™2 (km
s™1)7!, temperatures and opacity (at 80 um) of the dust, T, = 20 K and
W = 0.1, respectively. Dashed lines represent the excitation temperatures
obtained when IR sources are not taken into account but the other physical
parameters are the same.
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its opacity ocA™? (see, e.g., Guibert, Elitzur, and Nguyen-Q-
Rieu 1978). Note that, for this isotropic model, no difference in
excitation is expected if one considers a discrete IR source
instead of dust. It is easily shown that radiative decay following
radiative excitation between two states cannot produce any
anomaly, since excitation follows the same 1/t law as emission
and therefore has the same effect, with the opposite sign. On
the other hand, infrared absorption by °I1,,, J = 1/2— Il ,
J = 3/2 initiates the following three-level cycle:

My, J =12 2T,,J =3/2
— 2, J = 3/2— 2, , 0 = 1/2,

which, in the presence of trapping in the J = 3/2—J =1/2
transitions, induces the same kind of anomalies as those found
in the collisional pumping case. (This cycle also produces a
decrease in the excitation of the whole A-doublet, since it can
interchange molecules between different parity levels, mixing
the populations inside the rotational ground state.)

It can thus be concluded that this simple LVG approx-
imation cannot explain the observed hyperfine anomalies;
other processes must be taken into account in more compli-
cated excitation models.

b) The Effect of IR Radiation on Anisotropic
LV G Models

A more complicated model, which could account for the
observed anomalies, is the one considered in this subsection. In
this LVG model the existence of an IR source in the center of
the cloud and a more complicated velocity field will be
assumed.

Under certain physical conditions, the presence of a central
source and the assumption that the cloud is in radial expansion
with the nontrivial velocity field V(r) oc 1, 0 < € < 1, gave rise
to some drastic changes in the CH molecular excitation
(numerical calculations are presented in Fig. 4). When infrared
pumping is high enough (as compared with collisional
pumping) to be the principal factor of excitation, the presence
of the velocity field brings about a strong inversion of the
0— 1 line, and even an anti-inversion of the 1— 0 line. The
calculations made in this study indicate that the main line
temperature is often between the other two. As can be seen in
§ Illa, these are not satisfactory results, when compared with
observations.

This peculiar excitation can be easily explained by the
opacity behavior shown in equation (4). When the logarithmic
velocity gradient e is smaller than unity, the dependence of T on
the angle 0 shows that the opacity reaches its maximum in the
radial direction and decreases for other escape directions; in
these calculations € = 0.25, and 7 is 4 times greater in the radial
direction than in the perpendicular one. This directional trap-
ping mainly affects the rotational transitions, which are the
thickest ones. It is clear that radiative decay from J = 3/2
levels does not follow the same law as radiative excitation.
While the absorption rates of radiation coming from the
central source follow the 1/g, law corresponding to an optically
thick case for a relatively wide range of opacities, the emission
rates do not. This generates an overpopulation of the F =0
levels with respect to the F = 1 ones, by a mechanism acting
inversely to that responsible for collisional overexcitation of
the 1— 0 transition. For column densities that are much
higher than those taken here, this effect disappears since emis-
sion can also be considered as optically thick. For the two rates
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F1G. 4—Excitation temperatures of CH radio lines as functions of the dust
opacity (at 80 um), W, calculated when a central IR source and a nontrivial
velocity field are considered, with physical conditions: Ty =20 K, n, =1
x 10* cm ™3, € = 0.25, Noy/AV = 2.5 x 10'* cm™2 (km s~ !)7!, and T, = 20
K.

following the same law, the system’s behavior is similar to that
in the preceding subsection when e = 1.

Although this model explains the 0— 1 line’s greatest inver-
sion, it is not satisfactory for two reasons: (1) the 1— 1 line is
more inverted than the 1 — 0 one, which, as stated before, is
not generally observed, and (2) it is too particular a model to
explain the generalized hyperfine asymmetries (there is no
experimental evidence of such velocity fields, and the central
infrared source does not always exist, e.g., Cas A).

¢) Nonlocal Excitation Models

The model developed in the preceding subsection presents
serious drawbacks. However, the results obtained suggest the
possibility of reaching satisfactory excitation conditions in the
presence of central IR sources. Nonlocal absorption of their
emission could cause different behaviors for the different
hyperfine components of the J = 1/2— J = 3/2 transition, the
infrared intensity available for the strongest components being
weaker (as in the model developed by Litvak 1969 for OH),
and thus able to modify the satellite 9 cm lines in a suitable
manner. The result of taking into account the influence of all
processes and the contributions from all parts in the cloud can
only be studied using a nonlocal “exact ” treatment of radiative
transfer.

The Monte Carlo numerical code developed by Bernes
(1978, 1979) was used; the cloud models were chosen to corre-
spond to the geometry (spherical) and physical conditions
characteristic of clouds associated with H 11 regions. The con-
clusions extracted from the results are given here; the details of
the numerical treatment, the physical model parameters, and
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the quantitative results themselves can be found in the Appen-
dix.

When compared with LVG models, neither homogeneous
nor inhomogeneous cloud models, in the absence of central IR
sources, lead to essentially new results, except for showing the
expected modification in excitation toward the edges (Figs.
6a—6D).

Strong modifications in the excitation, with respect to the
preceding case, were produced in the presence of a central
infrared source. However, when no macroscopic velocity field
is introduced (Figs. 7a-7b), the general trend of satellite-line
anomalies, |T,,(1-0)| <|T,(1—1)| < | T.,(0— 1)|, did not
change. It seems that (at least under the physical conditions
expected for clouds associated with H 11 regions) the collisional
mechanism and the purely radiative cycle J = 1/2— 2I1;,
J=3/2-?1,,, J=3/2—J =1/2 are more efficient in the
reinforcement of the 1 — 0 excitation than the anticipated non-
local phenomenon of Litvak, which in principle is able to over-
excite the 0— 1 transition. Note in the numerical results the
important effects near the boundaries of equal-density regions.

The introduction of a macroscopic field of the same type as
those presented in § IIIb leads, as expected, to a slight over-
excitation of the 0— 1 transition (Fig. 8). In the calculations
the microscopic velocity dispersion was taken to be only 4
times smaller than the total macroscopic dispersion, since
otherwise, predicted spectrum shapes would vary strongly
depending on the observed direction inside the cloud, which is
not the case. Consequently, the 0— 1 anomaly is not as strong
as that found above when using an LVG approximation, which
implicitly assumes that macroscopic velocities are much larger
than microscopic ones.

Thus, the same effects found by means of LVG models are
reproduced in the exact treatment and overcome possible non-
local particularities. Once again, 0— 1 overexcitation is only
obtained for physical conditions which are too restricted, and
in this case, 1 — 0 is underexcited. It can be concluded that a
substantial modification in the classical treatment of the
problem seems necessary to explain the observed anomalies.

d) Rotational Line Overlap

The overlap of two lines due to their Doppler width implies
important modifications of radiative transfer and, therefore, of
statistical equilibrium equations. The possibility of changes in
CH excitation due to line overlap was previously suggested by
Zuckerman and Turner (1975) and Elitzur (1977), who empha-
sized the need of a detailed investigation. We will present in
this subsection a systematic study and numerical calculations
concerning this effect, which will prove to be the best candidate
for explaining 9 cm anomalies. Energy separation of the 2IT,,
J = 3/2 sublevels is not well known, but it seems clear that the
two lowest (parity +) hyperfine levels are very close. Levy and
Hinze (1975) found that E2*)-E(1%) lies between —1 MHz
and +16 MHz. For the II,,, J = 3/2— *I1,,, J = 1/2 fre-
quency, a line width of 6 km s~ ! (often observed) corresponds
to 10 MHz, and therefore, an almost total or, at least, partial
overlap of transitions Z2Il,, J=3/2F=2%)—>J=1/
2AF=17) and M, J=32F=1")>J=12F=17) is
very probable. However, it must be noted that, as long as
values of these parameters are not sure, the very possibility of
line overlap remains somewhat uncertain. Another possible
overlap is the one due to the weak hyperfine splitting in the
upper A-doublet of the 2I1,,, J = 3/2 state; however, from
calculations by Levy and Hinze, this splitting is on the average
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about twice as large as in the lower A sublevel. Instead of
complicating the discussion with considerations about the rela-
tive intensity of the two effects, this second overlap will be
ignored. Anyway, the effect of both will be shown to be very
similar. No other overlapping seems possible according to the
Levy and Hinze results.

The most important consequence of line overlap is the sig-
nificant enhancement of trapping in the overlapped lines (e.g.,
Bujarrabal and Nguyen-Q-Rieu 1980). Consequently, line
overlap produces a decrease in radiative rates of the transitions
involved. For the 2* — 17 rotational transition case, a larger
trapping has no effect on the 9 cm line excitation, since this
rotational transition is the only efficient de-excitation from the
M,,, J = 3/2(F =2"%) level, and molecules in this level are
compelled to leave it in this way. However, in the 17— 1~
transition case, an increase in trapping signifies that molecules
will leave the 2I1,,, J = 3/2(F = 1*) level relatively more fre-
quently through the 1* — 0~ rotational component. Note that
1* — 1~ component is the weakest one, and therefore, it is also
relatively sensitive to overlap. For example, if its “original ”
opacity is 7, ,, =~ 0.1, when overlap is present, the “effective”
opacity is 7, ,, + 7,.,; = 0.6. For this range of opacity, trap-
ping is already efficient enough to explain the observed differ-
ences in T,,, since, for the 9 cm line (hv/k = 0.16 K), an increase
of excitation from T,, = —16 K to T,, = —8 K in a component
just requires a very weak increase in the corresponding upper
level population (of ~1%). The overlap effect, of course, disap-
pears for very small rotational-line opacities. Whether the
*I1,,, J = 3/2 is populated by collisions from the ground state
or by radiative cascades from *I1,,, J = 3/2, this trend favor-
ing the *I1,,, J = 3/2(F = 1*)—> *I1,,, J = 1/2(F = 0") com-
ponent gives rise to a neat molecule flux from J = 1/2(F = 17)
toJ = 1/2(F = 07). The overpopulation of the 0~ level leads to
an overexcitation of the 0~ — 1% transition relative to the
other 9 cm lines. (The other less probable overlap would
produce an underpopulation of the 1* levels, with similar con-
sequences in excitation.) _

Calculations involving line overlap confirm the above pre-
dictions about its effect on the excitation of 9 cm lines. Line
overlap has been numerically treated using the simplified
method described by Bujarrabal and Nguyen-Q-Rieu (1980)
since lack of knowledge about level energies prevents more
detailed calculations. Note that in this treatment the overlap is
supposed to be total; therefore, the effect would be somewhat
overestimated for sources of small velocity dispersion. Results
are presented in Figures 5a and 5b for the same physical condi-
tions considered in previous subsections (also included is a case
with Cyy40/Cas=o = 0.2; see § II). Together with a net over-
excitation of the 0— 1 line, it can be observed that the 1— 0
transition is slightly more excited than the main line, as a
consequence of the general mechanism explained in § IIla.

These numerical results are in good agreement with the
general observational characteristics of CH microwave lines.
In view of this agreement and the apparent generality of the
mechanism, we believe that line overlap very probably oper-
ates in the CH case and is the origin of hyperfine anomalies
observed in interstellar clouds.

IV. CONCLUSION

The main characteristics of the excitation of the CH 9 cm
lines have been discussed. The generalized inversion of the
three CH lines has already been explained (e.g., Elitzur 1977) as
a consequence of parity discrimination in collisions from the
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F1G. 5.—Excitation temperatures calculated in the presence of rotational
line overlap (see § III) with the same physical conditions as in Fig. 2. Fig. 5b
demonstrates the effects of changing the collisional parameter to
Cas20/Cas=o = 0.2. Solid lines, Ty = 40 K ; dashed lines, Ty = 20 K.

rotational ground state to the first excited one. This point has
been discussed in considering more recent calculations by
Dixon and Field, and we confirm the possibility of a collisional
pumping for the CH weak masers.

Another important characteristic of CH excitation is the
very widespread overexcitation of the 0— 1 satellite line.
Simple LVG models are unable to explain this phenomenon;
in fact, they predict an underexcitation of this line. Classical
models (i.e, models which do not take line overlap into
account) can explain this excitation anomaly only by postu-
lating the presence of a central IR source and certain particular
velocity fields. In this case, the other two lines present a pre-
dicted excitation trend (1 — 1 more excited than 1 — 0) contra-
dictory to observations. The possibility of nonlocal effects
being important was tested by means of an “exact” treatment
of radiative transfer, but the results were also negative.

Finally, agreement between observational and theoretical
results was obtained only by including the effects of line
overlap in the model. Although rotational frequencies of CH
are not very well known, it seems that the components
F=2"-1", F=1*—>1" of the 21, J=3/2>J=1/2
rotational transition overlap at least partially, for the usual
velocity dispersions. This leads to an overpopulation of the 0~
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level and consequently to an overexcitation of the 0— 1 line, in
agreement with observations. The predicted excitation of the
other transitions also agrees with apparent observational
trends. Therefore, we believe that the excitation anomalies of
CH 9 cm lines are very probably a consequence of the overlap
of the above-mentioned rotational components.

The main drawback of the mechanism involving line overlap
is our inadequate knowledge of the energy level separation.
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This problem prevents a very detailed treatment of overlap and
even casts some doubt on its possibility. We could, on the other
hand, construct models including particular collision laws able
to explain excitation anomalies. However, these collisional
laws would have to be too ad hoc, and no indication exists of
such a collision behavior (§ II); meanwhile, the best available
data on level structure strongly suggest the existence of line
overlap.

APPENDIX

Nonlocal excitation models have been analyzed by means of
the Monte Carlo numerical method developed by Bernes

1—

(1978, 1979). The cloud model is a spherical region which is
divided into 15 spherical concentric shells, each one with a

3 r(xlOlscm)

1 —1 (a)

(b)
Tb(K) T |l 1 11 . 1 T
1 —0
0.2+ - 7] (c)
P =0cm
1 1 1 1
-4 =2 0 2 4 Vg (km 57

Fi1G. 6.—Excitation temperatures as functions of the distance r from the cloud center (note the different scales in figures) calculated in the absence of a central IR
source and a macroscopic velocity field using (a) a homogeneous, (b) an inhomogeneous cloud model. Physical conditions for each model are given in the text.
Temperatures are represented at positions halfway between the inner and outer radii of each shell. Fig. 6¢ shows the profiles of CH 9 cm lines numerically obtained
(with impact parameter p = 0 cm) in the inhomogeneous case; brightness temperatures are plotted as a function of the radial velocity relative to the cloud center.
Error bars show the standard deviations where they are large enough to be plotted.
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kinetic temperature, a microscopic velocity dispersion, and a
total density (in our models all the shells have the same kinetic
temperature and microscopic velocity dispersion). Their values
will be stated later for the different cases. All the physical con-
ditions used here have been chosen to account for the supposed
physical parameters of clouds associated with H 11 regions. The
ratio between the CH density and the total density has been
chosen to be 1 x 1078, In the analysis, we included the levels
represented in Figure 1 with all the possible radiative tran-
sitions between them except the radio lines corresponding to
the excited rotational states; therefore, 23 CH radiative tran-
sitions have been taken into account.

In spite of the well-known advantages of the Monte Carlo
method, one drawback is the important calculation noise
inherent in the use of random numbers. This is especially
noticeable in the case of long-wavelength transitions (such as
CH microwave lines), for which very small errors in level popu-
lations can induce large dispersions in excitation temperatures.
A great computational effort has been made in order to obtain
convergence from initial populations and to reduce the noise to
reasonable limits. Once the convergence achieved in the calcu-
lations for excitation temperatures was considered to be satis-
factory, a set of runs consisting of 20 iterations was also made
with different random numbers in order to stabilize and dimin-
ish the noise level. It can be seen in the figures that the calcu-
lation noise is still appreciable in 0— 1 and 1— 0 transitions
for the most inner shells; in 1— 1 the noise level is always
negligible.

Each one of the 20 iterations of the runs consists of 1000
model photons, representing in the numerical treatment the
photons emitted in the CH transitions and those coming from

CH MICROWAVE LINES

319

the 2.7 background radiation or from a central IR source (if it
should be present). Model photons are distributed over bands,
each one covering a CH line; they are numerically followed in
their travel through the cloud.

A sample of the different models analyzed is presented
below; the results from this sample are depicted in Figures 6-8,
in which the mean excitation temperatures obtained for the
CH 9 cm lines and the line profiles predicted by some of these
models are plotted.

I. SIMPLE CLOUD MODELS

Two models, one homogeneous and the other inhomoge-
neous, will be presented now. These models lack a central IR
source and a macroscopic velocity field. Physical character-
istics for the homogeneous cloud model (as well as for the other
homogeneous models presented in this Appendix) are: radius,
4 x 10'® cm; total density, 3 x 103 cm~3; and kinetic tem-
perature, 20 K. For this simplest model, the microscopic velo-
city dispersion is 3 km s~ 1. In order to achieve a smaller noise
level, the thickness of the shells is greater in the inner parts
than in the outer parts of the cloud; moreover, the smaller size
of the outer shells allows us to show possible boundary effects
more clearly.

In the inhomogeneous cloud models the cloud is divided
into three concentric regions (I, II, III in figures), each one
subdivided into five shells of equal thickness, with total den-
sities 1 x 10* cm™3, 3 x 10> cm™3, and 1 x 103 cm™3. The
radius of the cloud is 6 x 10'® cm, and the thickness of each
region, increasing toward the surface, has been chosen so that
the column density of the clouds was 1.2 x 10'* cm~2, the

| 1]
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Fi1G. 7.—Excitation temperatures calculated when a central IR source is included in the calculations for (a) the homogeneous, (b) the inhomogeneous cloud.
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same as in the homogeneous cloud models. The kinetic tem-
perlature is 20 K, and the microscopic velocity dispersion, 3 km
s™h

Calculations depicted in Figures 6a (homogeneous) and 6b
(inhomogeneous cloud) do not reveal any new results with
respect to the equivalent LVG models, except some modifi-
cation in the excitation near the edges (modification that is also
present in all the models analyzed). In these regions photons
emitted in J = 3/2— 1/2 transitions can escape from the cloud,
and then a slight decrease of the rotational transition trapping
is produced. Figure 6¢ shows line profiles of CH 9 cm lines
predicted in calculations for the inhomogeneous model, in a
direction defined by the impact parameter p = 0 cm; standard
deviations in the numerical results are negligible.

II. MODELS WITH CENTRAL IR SOURCE

In these models, an IR source is assumed to be in the center
of the cloud. For both homogeneous and inhomogeneous
models the temperature of this IR source is 20 K and its radius
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is 6 x 10'* cm. The other physical parameters are the same as
for the simple cloud models in the previous section. In the
homogeneous case, all the shells have the same thickness since
the noise is now less important, and then the size of the inner
shells has no reason for being very small. Numerical results are
shown in Figgres 7a (homogeneous) and 7b (inhomogeneous
cloud).

III. ANISOTROPIC NONLOCAL MODELS
In this model a homogeneous cloud is expanding with velo-
city
V(r) = Va(r/R),
in which Vy,, 2 km s ™1, is the velocity at the periphery, R is the
radius of the cloud, and the logarithmic velocity gradient, ¢, is
taken to be 0.2. In the center of the cloud there is an IR source

with the same characteristics as above. Density and kinetic
temperature are the same as in the other homogeneous clouds,

2 r(x1018cm)

-3+

(a)

Tex(K) :

Tb(K) T T T T

0.2 - p=2.4x1018cm

Ty, (K04

p=2.8x1017c

L 1
T T T T
1— 0 7
0 —1
} } } 4 (b)
1 —1
1 —0

43 2 1

1 2

3 V. (Kms= )

F1G. 8.—a) This is similar to Fig. 7a, except that a macroscopic velocity field is included in the calculations (see text). (b) Profiles for CH 9 cm lines numerically
obtained in this model for the two different impact parameters, p, indicated in the graphs.
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3 x 10° cm ™2 and 20 K. The microscopic velocity dispersion is
0.5kms™ 1

The thickness of the shells is gradually increased toward the
surface so that the change in the radial velocity between the
inner and the outer radii of each shell is the same for all of
them. This condition helps to assure that there is not a signifi-
cant change in the opacity at any given frequency in the model
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photons’ trajectory, and therefore, a reduction in the computa-
tion time is achieved. Figure 8a shows the excitation tem-
peratures and standard deviations obtained for this model.
Figure 8b shows the line profiles, predicted in this case, in
directions defined by impact parameters 2.8 x 107 c¢cm and
2.4 x 10'8 cm.
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