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ABSTRACT

The fractional abundances of the isotopic species of carbon monoxide in interstellar clouds are
calculated on a basis of gas phase ion-molecule reactions. The *CO to ?CO ratio varies significantly
with extinction of the ultraviolet radiation field, and in the outer regions of dark dense clouds *CO
may be enhanced by a factor of 10. The observational interpretation of the CO to H; or Ay relation
and the isotopic abundances of carbon are complicated by these effects.

Subject headings: abundances — interstellar: molecules

I. INTRODUCTION

Observations of isotopic abundances of carbon mon-
oxide in dense interstellar clouds suggest that 13C*0Q/
12C160) is enhanced with respect to the solar value of
carbon-13 to carbon-12, [*C]/[**C]. For example, Wan-
nier ef al. (1976) have surveyed CO in H 11 associated
molecular clouds at a total of 37 positions in 14 regions
distributed throughout the galactic plane. The relative
abundances of 13C1%0 and 2C380 are derived from the
relative intensities of the wings of the line profiles where
it is empirically assumed that they are transparent.
They conclude that [2C]/{**C] is ~40 in these clouds,
a factor of ~2.3 larger than the terrestrial value.
Mahoney, McCutcheon, and Shuter (1976) have mapped
the dark dust cloud Lynds 134 in the J = 1 — 0 transi-
tion of the CO isotopes. They observe a variation in
13C180/12C180 over the spatial extent of the cloud, with
the outermost values showing greater enhancement.
The column density measurements suggest that 2C/13C
ranges from 33 to 88; however, this range may represent
the uncertainties in measurement and interpretation.
These ratios depend on the determination of CO
column densities, N(CO), from the observed line shapes
and antenna temperatures; this determination involves
a radiative transfer problem which has inherent un-
certainties. The interpretation of [*2C]/['*C] from the
CO observations above is complicated by other un-
certainties. First, it is not a direct conclusion for [2C]/
[3C] since it is based on the isotopes 2C'#0 and 3C0,
which only yields a double ratio [2C][*0]/[*C][{*¢O]; the
J = 1—0 line of *C%0 is, unfortunately, saturated.
The independent determination of [®0]/[**0], from
another set of measurements, is necessary for determin-
ing [©*C]/[**C]. Wannier ef al. (1976) refer to other
double ratio measurements and use theoretical argu-
ments to suggest [#0]/[*°0] ~ the solar value. Second,
it assumes that carbon monoxide reflects the relative
abundances of the various carbon and oxygen isotopes.
Observational and experimental evidence suggests that
this assumption may be incorrect.

The BC¥QO molecule has also been suggested as a
tracer of the molecular hydrogen column densities in
dark clouds. In part the work of Encrenaz, Falgarone,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

L39

and Lucas (1975) and Dickman (1975) has been directed
toward establishing a relation between N(**C1°0) and
N(Hz). Dickman (1975) observes the J = 1 — 0 line of
13C16Q0), calculates LTE values of N(**C%0), and com-
pares these to the extinction in the visual, Ay, as deter-
mined from star counts. In addition to the previously
discussed uncertainties in determining N(*3C*®Q), there
is the further uncertainty in Ay as derived from star
counting; the upper limit for this method is Ay < 10.
Encrenaz, Falgarone, and Lucas (1975) derive column
densities from fits of observed !2C'*0 and 3BC'¥®O line
intensities with a microturbulent cloud non-LTE
model. The model (necessarily) contains an assumed
isotopic ratio [2C!%0]/[*3C'%0] which they took equal
to 40, the value suggested by the work of Wannier
(1974) and Wannier et al. (1976). If one wants to com-
pare Dickman’s (1975) results with those of Encrenaz,
Falgarone, and Lucas (1975) one should multiply by 40.
When this is done, the results lead to a number of dis-
crepancies at small extinctions with theoretical predic-
tions of N (*2C*0) based on models of molecule produc-
tion by gas phase ion-molecule reactions (Langer 1976¢).
For 10 > Ay > 3 these model predictions of N(12C10)
versus Ay are in reasonable agreement with the observa-
tions, With decreasing Ay the comparison with the
N(*2C'80) values determined from the #C*Q observa-
tions becomes much worse (by as much as a factor of 10)
down to the observational limit Ay = 1. In contrast,
however, some estimates of N(12C'*0) by Encrenaz,
Falgarone, and Lucas (1975) based on a radiative trans-
fer model for the optically thick 2C*0 at Ay < 1.6
are in rough agreement with theoretical models (Langer
1976a). Clearly, a number of puzzles arise in the inter-
pretation of isotopic abundances of CO. Those aspects
of this problem which arise from the chemistry will be
dealt with here; we shall show that the several observa-
tional results just described can be explained in part by
the isotopic ion-molecule chemistry.

II. ISOTOPIC ABUNDANCES

There are two important gas phase ion-molecule
chemistries which produce CO in dense interstellar
clouds, and these divide the cloud into two separate
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regions. In the interior regions of dark dense clouds
* where the ultraviolet radiation field is attenuated, the
o Hg™ chemistry suggested by Herbst and Klemperer
(1973) initiates molecule production. In the outer
' regions of dark clouds where there is sufficient ultra-
violet radiation to keep carbon partially ionized, the
C* radiative association with H, suggested by Black
and Dalgarno (1973) initiates molecule production. The
transition region between these two chemistries is
fairly narrow and will be neglected here (see Langer
1976¢ for a discussion of this region). These two chemis-
tries have different consequences for molecule produc-
tion in general and isotopic abundances in particular.
Without fractionation reactions there would be no
differences between the chemistries of the different iso-
topic species; however, in the case of B3C!0 and 2C!¢Q
the fractionation reaction,

13C+ _|_ IZCO = 13CO + 12C+ + AE s (1)

studied by Watson, Anicich, and Huntress (1976) can
enhance “¥CO with respect to 2CO.

Abundance calculations for CO, excluding fractiona-
tion effects, have been carried out for a number of
situations. In the C* chemistry Oppenheimer and
Dalgarno (1975) and Langer (1976¢) have calculated
time-dependent and steady abundances of CO, respec-
tively. The steady-state and time-dependent features
of the Hs* chemistry have been considered by Langer
(19764, b) and Langer and Glassgold (1976), with the
following two important results: (1) complete conver-
sion of C* to CO cannot occur in the C* radiative
association chemistry for the conditions present in inter-
stellar clouds; and, (2} in the Hs* chemistry essentially
complete conversion can occur, but the time scale
necessary to achieve this condition (a few times 10% yr)
may be comparable to, or greater than, dynamical time
scales for cloud evolution. These results have important
implications for isotopic abundances because N (3C*0)/
N(2C0) reflects the true isotopic abundance of car-
bon in dense clouds only if there is complete conversion
of carbon to CO (Langer 1976b); otherwise fractionation
eﬁ;cgs must be included (Watson, Anicich, and Huntress
1976).

The approximate equations which have been derived
to describe the fractional abundance of CO, x(CO), in
our previous work (Langer 1976q, 3) can be generalized
to include all the isotopic fractional abundances. The
two major additions are the isotopic exchange reaction
(1) and separate conservation conditions for each of the
available gaseous carbon and oxygen isotopes. For
example, for the species 3C¥0 the time-dependent
abundance is approximately given by

2 £(5C0) = [ka(Hy")#(°C) + Heaar(SCH]T
+ ke (EH)a(BC)TY 4+ Ax(SCHw(MI0)
+ koo’ £(BCHx(2CH0) — [goo (2)
+ Ex(He) + koo(CH)]x(BCH0)
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where the fractional abundance for X is x(X) =
w(X)/n, n=n()+ 2s( ), £=1X10"%cm3s™,
and ¢ = 4 X 10" ¢m?s~L. The other terms are ' =
ax(*0)/{gc, + ax(0)], gx = Gx/n, Gx = photodestruc-
tion rate for species X in s~ TV = v(OH) ax(**0)/
lgor + ex(0) + ax(C)], and v(OH) = % is the branch-
ing ratio for dissociative recombination H;Ot + ¢—
OH + H.. Unless otherwise noted, the notation and
rates are those listed in Langer (19764, &). The radiative
association rate for Ct+ Hy— CHyt + Av is ko =
10— ¢m3 57! (see Langer 19764 and Herbst 1976), al-
though much larger values have been suggested (Black
and Dalgarno 1973; Black, Dalgarno, and Oppen-
heimer 1975). The rates for the isotopic exchange reac-
tions (1) are, kco’ = 2 X 1079cm3s~! and koo’ =
koo’ exp(—AE/T) (Watson, Anicich, and Huntress
1976), where AE = 35 K.

In order to solve equations (2) and (3) for the CO
isotopes the additional equations for x('2CO), x(2C*),
(B¥CH), x(Het), and x(M*€0) [~ x(H,'*0) + x(**OH)+
x(1%0,)] are required. These are given by simple exten-
sions of the relationships derived in Langer (1976q, b)
and will not be elaborated upon here. The approzimate
conservation conditions for the available gaseous carbon
are: (1) & = 2(12CH) + 2(12CO) 4+ 2(12C); (2) fisc =~
x(B3CH) + x(BCO) + x(¥C); and (3) & = &1 + frsc.

III. RESULTS

For the purpose of emphasizing the different aspects
of the isotopic abundance problem in the different
cloud regions, solutions were obtained for the corre-
sponding chemistries. First the results for the C* radia-
tive association chemistry operative in the outer regions
will be discussed. The fractional abundances of the 12
and 13 isotopes of CO, C*, and C are calculated in the
steady state as a function of extinction. In Figure 1 are
presented the results of a sample calculation using the
following parameters typical of dark dense clouds:
n(Hs) = 103cm=3; T = 10K; cosmic ray ionization
rate on hydrogen, ¢, = 10717571 & = 104 80 = 2 X
10—%; and the photodestruction rates, Gc = 10710
exp(—7c) s7! and Geo = 1071 exp(—1¢) s}, where 7¢
measures the extinction by grains in the ultraviolet
~1000 A to the cloud edge (using the albedo measure-
ments of Witt and Lillie 1976, 7¢ = 27y, the extinction
in the visible). These results are presented in terms of
the fractional abundance compared to the available
gaseous carbon, x(4X)/¢,,; throughout it is assumed
that £uc << £12c. These curves begin at 7¢ = 1 where
most of the hydrogen is almost certainly in the form of
H,. For 7¢ > 6 the radiative association chemistry be-
comes less efficient at producing CO and the Hs*
chemistry must be included. If Hs* reactions are ne-
glected, the CO abundance will eventually decrease to
zero because of the destructive effects of He* (Langer
1976a). Furthermore, time-dependent effects become
increasingly important in this region, and steady-state
calculations are not valid for the description of isotopic
abundances (Langer 19768). The time scale for con-
version of C* to CO increases with extinction, reaching
a value ~5 X 10°yr at 7¢ = 6. Compared to evolu-
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F1e. 1.—The fractional abundances compared to the available
gaseous carbon, #(4X)/£4, are plotted for the isotopes of CO, Ct,
and C as a function of extinction in the ultraviolet (~1000 &),
7¢. These curves are calculated for »(H;) = 108cm™ and T =
10 K, typical of dense dark clouds; the remaining parameters are
discussed in the text.

tionary times, this time is short enough to make it
probable that the steady-state results in Figure 1 are
applicable to most observations.

The enhancement of *C'*0, R = [x(**C'°0)/&1c)]/
[#(*2C180)/£120], is plotted in Figure 2 for »(H,) =
10® cm—3 and 7 = 10 and 20 K; the other parameters
are those listed for Figure 1. At T = 10 K, R peaks at
7¢ = 2(7v = 1) with a fairly large value of 8 and de-
creases to 2.3 at 7¢ = 6. Only if R = 1 will observations
of CO measure the true isotopic abundance of carbon.

The equations for £(CO) can be expanded to include
the isotopic species of oxygen; isotopic exchange reac-
tions involving oxygen are not likely to be important
since it is neutral in interstellar clouds and the neutral
exchange reaction, ¥0 -4 2C180 — 80 4 2CBQ, is
probably too slow to contribute. From an expanded set
of equations it can be shown that, x(12C20) /x(12C180) =~
%(1*0)/2(**0) since x(®¥0) K x(®0) (similarly for
BC®0O and *C'0). Thus, the oxygen isotopes of CO
should reflect their true isotopic abundances in inter-
stellar clouds.

For r¢ > 6, the evolutionary history of the material
will determine the molecular abundances, and steady-
state results are not appropriate for comparison with
the observations. The material in the dark dense
regions of interstellar clouds with # > 10%-10¢ cm3
evolves from a lower density configuration, and a cor-
rect analysis of molecular abundances requires a full
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hydrodynamic treatment. For the purpose of illustrating
the possible behavior of R in dark dense regions, a
simple time-dependent model has been adopted (see
Langer 1976 for details) which neglects variations in
# and T for » greater than a few X103 cm—3. Assume
that initially, at large 7c(>8), *(Ct) = &, #(C) =
#(CO) = 0.0. Within 10° years the C* primarily re-
combines to C, though the radiative association chem-
istry produces some CO: x(2C1%0)/f120 = 0.1 and
#(B¥C90)/f1sc =~ 0.35 (R = 3.5). Shortly afterwards,
the Hy* chemistry dominates molecule production, 12C
and 3C are slowly converted to CO,andR— las{— o
(after ~4 X 108 yr,R =~ 1.1). Another possible scenario
would involve the evolution of the material at low
densities and 7¢ = 6 to higher densities and optical
depths. Thus, at the time when the Hy* chemistry
dominates molecule production the initial conditions
for £(CO, £) would correspond to the steady state values
derived for 7¢ = 6 (the maximum CO that can be pro-
duced by radiative association). Afterwards the value
of R will decrease from 2.3 to 1.1 within ~4 X 108 yr.
Unfortunately, without the hydrodynamic models the
evolutionary times and chemical history cannot be
known for this material. The CO in the dark regions of
dense clouds probably reflects the true isotopic abun-
dances only if they are ~(4-6) X 10° years older than
the low density clouds from which they evolved.
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2.0 20 B

H 1 1 1 1 1 |
10 20 3.0 4.0 50 60 7.0
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Fic. 2.—The enhancement, R = [x(13C¥Q)/%sc]/[x(12C*0)/
£12¢], is plotted as a function of extinction, ¢, for temperatures of
10K and 20K at a density #(H,) = 103 cm™3; the remaining
parameters are discussed in the text.



http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1977ApJ...212L..39L&amp;db_key=AST

N v o)

o
(=4
™~

g:

|.|

142

IV. DISCUSSION

It can be concluded from the results of § III that
fractionation causes an enhancement of x('3CQ)/
#(12C1%0) and x(*C'0)/x(12C*0) in regions where the
ultraviolet radiation field keeps carbon partially ion-
ized, and that this enhancement varies with extinction.
Tn these regions the CQ formation time is short enough
that the enhancement R probably reflects the present
values of #, T, and 7¢, whereas in denser darker regions,
where the H;* chemistry initiates molecule production,
R may reflect the time-dependent evolution of the
cloud.

The variation of R with r¢ and its relatively large
value at small extinctions may explain the N(CO)/4v
measurements discussed in § I. In the case of the ob-
servations in p Oph by Encrenaz, Falgarone, and Lucas
(1975) the measurements of N(2C*0)/4y for 1 <
Av < 1.6 are in excellent agreement with the model
calculations corresponding to #(Hy) ~ 500-10° cm™?
(Langer 1976a). For Ay > 3, both the N(*2C%0) and
N(13C10) data are in good agreement with these model
calculations (within a factor of 2). For 1.6 < Ay < 3,
however, the values of N(CO) obtained from the 13160
measurements [recall their assumption N(CO) =
40 N(*3C™Q)] are much larger than those predicted by
theory. Encrenaz, Falgarone, and Lucas (1975) quote
values for N(CO)/Av of ~3 X 10! and ~10Y7 cm™2
mag™* at Ay = 1.8 and 2.5, respectively; the corre-
sponding theoretical calculations give 1.5 X 10 and
2 X 10 cm—2 mag—! when #(H,) = 10% cm—3 [increas-
ing #(H,) to 5 X 103 cm=3 at Ay = 2.5 still gives only
N(CO)/Ay ~ 35X 1016 em~2 mag~1]. According to the
results in Figure 2 for T = 10 K, appropriate to p Oph,
a better choice for N{CO) would be = 13N(1*C!*0) in
theregion 4y =~ 1.-2.5, which would bring the observa-
tions into agreement with the model calculations
(Langer 1976a). (Throughout we use the enhancement
R determined from local densities; the corresponding
enhancement for column densities is found to be only
slightly smaller.) Dickman (1975) has surveyed many
locations within 37 interstellar dark clouds in B3C*0,
For each of these, LTE values of N(**CQ0), kinetic
temperatures (typically 10 K), and star-count deter-
minations of Ay were calculated. The comparison with
theory again suggests that N (2C*0)/N(¥C!*Q) varies
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with extinction. When the N(#CY¥Q0) measured by
Dickman (1975) are multiplied by 89/R for T = 10 K,
in order to compensate for the fractionation and iso-
topic ratio of available gaseous carbon, the resultant
N(12C10Q) versys Ay are brought into very good agree-
ment with the model calculations for densities in the
range, 10° < #(Hy) <5 X 102cm=2 (Langer 1976a).
The choice 89/R is not unique for these observations
because the scatter in the data is such that a smaller
ratio (e.g., 40/R) would work just as well. While the
observed variation of the ratio with extinction is
readily explained, the absolute carbon isotopic ratio
cannot be determined precisely.

The variations in isotopic abundances within Lynds
134 (Mahoney, McCutcheon, and Shuter 1976) are in
qualitative agreement with the previous discussion. A
better comparison might be made, however, if extinction
measurements were also available for comparison with
column densities of 2C1%Q, ¥3C®Q, and 2C'*#0. Further
observations of this kind are required to understand
the effects of isotopic fractionation. Taken together, the
CO measurements at small extinction (4v < 10) sug-
gest that fractionation is present in accord with the
results presented here.

The measurements of Wannier ef al. (1976) are
essentially of regions shielded from the ultraviolet radia-
tion field, and the time-dependent discussion of R in
§ IIT is relevant here. If these regions are less than
~4 X 10° years older than the lower-density clouds
from which they evolved, then some fractionation will
be present. Watson, Anicich, and Huntress (1976) have
also suggested that ['3C]/[**C] is enhanced in a time-
dependent evolution since C*+ and C preferentially
freeze onto grains compared to CO. In conclusion it is
difficult to assess the enhancement effects for the mea-
surements of Wannier ef al. (1976), but it is possible
that some part of their ['*C]/[*2C] value is due to the
effects of chemical fractionation, grain depletion, and
cloud evolution.
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