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ABSTRACT

Both CH* and OH can be produced in warm gas via endothermic reactions, yet
recent observations by Federman, Weber & Lambert indicate little correspondence
between the abundances for these molecules. A non-thermal origin for CH*
production is therefore suggested. Chemical models of diffuse cloud envelopes that
include the presence of Alfvén waves are shown to be consistent with the new
observations. In these models, CH* is formed as a result of the streaming of C*
ions, which are influenced by the passage of Alfvén waves, relative to the cold
background gas. Since the background gas is cold, OH production arises solely from
ion—molecule reactions initiated by cosmic ray ionization.
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1 INTRODUCTION

The CH* radical was one of the first molecules detected in
interstellar space, but its production route remains elusive.
Much observational work in recent years placed important
constraints on the theoretical models used to describe the
synthesis of this molecule. Federman (1982a) showed that
reactions, occurring in the cold gas where neutral molecules
readily form, rapidly decrease the CH" abundance below
observed levels. Frisch & Jura (1980) and Lambert & Danks
(1986) found that there was a strong correlation between
the column density of CH*, N(CH ™), and the amount of H,
in highly excited rotational levels. This correspondence
appeared to suggest an association between CH™* and hot
gas because the excited rotational levels could be populated
in observable amounts through collisions at high tempera-
ture. Furthermore, Cardelli et al. (1990) noticed that
N(CH™) varied inversely with N (CN). Since CN produc-
tion requires large abundances for the precursor molecules,
especially CH and C,, its synthesis arises in relatively dense
gas (see Federman, Danks & Lambert 1984; Federman et
al. 1994), thereby indicating that CH* production primarily
occurs in low-density material.

A promising theoretical model involved CH™* synthesis
behind a shock (Elitzur & Watson 1978, 1980) through the
endothermic reaction C* + H,—»CH"* + H— AE. One of
several problems with this model, however, is that substan-
tial amounts of OH were produced via an analogous reac-
tion. Magnetohydrodynamic (MHD) shocks were invoked
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by several groups (Draine & Katz 1986; Pineau des Foréts et
al. 1986) because these shocks lessened, but did not remove,
the problem with the overproduction of OH. Observations
were not able to confirm many of the predictions of these
shock models. For instance, Lambert, Sheffer & Crane
(1990) were not able to reproduce the velocity structure in
terms of components, nor the column density of CH* pro-
duced in the shock predicted by the models of Draine &
Katz (1986) and Monteiro et al. (1988). Moreover, Gredel,
van Dishoeck & Black (1993), and Crawford (1995), did not
find the expected velocity shifts between the lines of CH*
and CH.

Other observational results suggested the presence of
velocity shifts (e.g., Federman 1982a; Allen 1994), but in
retrospect the interpretations were affected by data with
inadequate signal-to-noise ratios. Two examples illustrate
the situation. Federman found a broad, single CH* compo-
nent toward ¢ Per that had a velocity intermediate between
two CH components. More recent data acquired at very
high spectral resolution and good signal-to-noise ratio
(Crane, Lambert & Sheffer 1995) reveal that there are two
CH* components which correspond to the CH ones. In a
similar vein, Allen found a very large difference between the
velocities for CH* and CH absorption toward HD53367.
The data of Gredel et al. (1993) show weak absorption from
the other species at the velocity measured by Allen (1994).
Considering the precision of the measurements of Feder-
man (1982a) and Allen (1994), one is led to the conclusion
that there is no strong evidence for shifts in excess of
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~1.0-1.5 km s, which is essentially at the limit of observa-
tions today. In the rare case that still arises, it is very likely
that weak absorption is masked by too low a signal-to-noise
ratio, as discussed above for HD53367 and by Cardelli,
Federman & Smith (1991) for gas toward Cep OB3. This
fact would also explain the correspondences with the K1
velocity structure noted by Federman (1980, 1982b).
Without the presence of shifts, the shock models are no
longer as promising as once believed. The most recent
modelling efforts consider gas heated to high enough tem-
peratures to allow the endothermic reaction to proceed, but
the high temperature arises through turbulent heating
(Duley et al. 1992; Falgarone, Pineau des Foréts & Roueff
1995; Hogerheijde et al. 1995). These models, like the shock
models, produce a significant amount of OH as well. New
OH observations suggest that CH* production cannot be
attributed to heated material. Federman, Weber & Lam-
bert (1996) confirm earlier reports of OH absorption
toward o and { Per, but they did not detect any OH towards
¢ Per. The limit for OH towards ¢ Per is comparable to the
detected amount towards { Per, but & Per has about 10 times

more CH™ along its sight line. An enhanced photodissocia-

tion rate for OH, of about a factor of 3, is not adequate to
explain this factor of 10 difference (Federman et al. 1994).
Then, where is the OH associated with CH* production in
warm gas toward ¢ Per?

Ultra-high-resolution observations (Lambert et al. 1990;
Crawford et al. 1994; Crane et al. 1995; Crawford 1995)
clearly reveal non-thermal broadening of absorption
features. Moreover, Federman et al. (1994) concluded that
the contribution from thermal pressure increases as one
probes further into a cloud, but the observations do not
reflect this gradient: component velocities are similar for
species that probe different portions of a diffuse cloud and
linewidths are larger where the thermal pressure is lower.
Cloud envelopes, therefore, appear to require another form
of pressure, which we consider here to be composed of
turbulence created by the superposition of different modes
of MHD waves. Since the OH observations described above
indicate that hot gas is not involved with the synthesis of
CH™, in this paper we explore the possibility that C* ions,
which are tied to the magnetic field, attain significant non-
thermal motion as a result of the motion of the MHD waves,
but in a region where the surrounding material is cold. This
idea was suggested by Gredel et al. (1993), but they did not
perform any detailed calculations to support the premise.
Charnley & Butner (1995) suggested that the process may
be important in explaining the observed fractionation of
deuterated species, but did not discuss the more general
effects that MHD waves are likely to have on the chemistry
of diffuse clouds.

2 MHD CHEMISTRY

We now address the problem of how there can be substan-
tial variations in the observed CH*:OH ratio along dif-
ferent lines of sight that are believed to have similar physical
conditions.

The decoupling of the OH chemistry from that of CH™*
suggests the presence of non-thermal chemical effects. If we
consider the main loss channels for small radicals in diffuse
clouds

CH* +H,H,»C*,CH;
OH+hv—O+H
CH + H,hv - C,CH*,

then it is clear that the conditions required to obtain varying
values of the CH":OH ratio would have to be somewhat
contrived. The differentiation must therefore come about as
a result of varying formation efficiencies. In order to obtain
the requisite CH* aboundance, the endothermic reaction

C*+H,-»CH"* +H, )

with k=1.0x 107" ¢~**" cm’ s~', must be operating.
However, one problem is that the higher temperatures also
drive a faster oxygen chemistry, with substantial OH over-
production:

O+H,»OH+H

(k=8.34 x 10~ T*%¢ =T cm? s~'), We therefore have to
consider what processes can drive reaction (1) without
enhancing the oxygen chemistry. The most likely possibility
is that there is some extra, non-thermal, contribution which
affects the relative motion of the ions and neutrals. Ion—
neutral streaming may occur if MHD waves are present, but
only if the ion fluid (which is tied to the MHD waves) is
significantly decoupled from the neutral fluid. The relative
motion of the fluids leads to drag and has a strongly dis-
sipative effect on the MHD waves. For the purpose of our
model we consider the extreme case of the MHD waves
being represented by motions in the ion fluid against a static
neutral gas background.

3 THE MODEL

In order to quantify the effects of non-thermal motions on
diffuse cloud chemistry, we developed a highly simplified
chemical model of a diffuse cloud boundary layer, defined
as a transition zone between the cloud and the intercloud
medium where wave dissipation occurs. The model con-
siders the time-dependent evolution of the chemistry at just
one point in the cloud envelope. It does not attempt to
describe the changing physical and chemical conditions
through the regions of intermediate extinction. Rather, we
impose a set of conditions that are believed to be repre-
sentative of the region in which the effects of MHD-
enhanced chemistry are significant.

The chemical model uses a limited set of some 83 chemi-
cal species chosen so as to be representative of diffuse cloud
chemistry. The species are composed of the elements H,

Table 1. Elemental abundances
used in the models (relative to
hydrogen). The entry M refers to
the total abundance of low-

ionization potential metals,
represented by Na in our model.

He: 0.076

C: 2x10%

N:  7.94x10~%

O: 3.02x10~4

M: 5.2x10"%

S: 8x10—6
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He, C, N, O, S and a representative low ionization potential
metal, Na. Elemental abundances, based on revised current
observational estimates (Savage, Cardelli & Sofia 1992), are
given in Table 1. The abundance of Na is set to be the same
as that for the equivalent total abundance of metals with low
ionization potential.

As we are primarily interested in the chemistry of simple
radicals, the species are of limited complexity (up to C;H,',
H,CS*, NH, etc.) and do not include complex hydro-
carbons. Sulphur chemistry is included for comparison with
upper limits on HS* absorption, and a comprehensive reac-
tion set consisting of some 1071 reactions is drawn from the
current UMIST data base (RATE94). It is of interest to
note that, of the 3808 reactions contained in the RATE%
data base, only 66 ion—neutral reactions are claimed to have
a temperature dependence, and, of those, only 17 have a
positive dependence (that is to say, they are faster at higher
temperatures). Most of these reactions are included in our
model and, in addition to reaction (1), include the charge-
exchange reaction

H*+0-0" +H, )
and the hydrogen sulphide chain

S*+H,-HS*+H

HS* +H,-»H,S* +H

H,S*+H,-H,S* + H.

In all there are 23 reactions in the set that are affected by
ion—neutral streaming.

Certain key chemical rate coefficients have been updated
and considerably modified in RATE94 since the earlier
releases of the ratefile. In particular, the main loss channel
for CH, the exothermic reaction

CH+H-C+H,,

has a (measured) rate coefficient of 4.98 x 10™" cm’ s~ at
298 K (Harding, Guadagnini & Schatz 1993). We adopt the
measured value in our models. Most importantly, the reac-
tion apparently does not have an activation energy barrier of
2200 K as had been previously assumed.

To implement the non-thermal enhancements we define
an effective temperature for each ion—neutral reaction. Fol-
lowing” Draine (1980) and Flower, Pineau des Foréts &
Hartquist (1985),

1
kT e =kT s +E l“)izm

where k is the Boltzmann constant, T, is the thermal
kinetic temperature, v,, is the relative ion-neutral drift
speed and u is the reduced mass of the system. In our model
we identify v, as the rms MHD wave amplitude. Flower et
al. (1985) point out that, for linear MHD waves, the thermal
motions are three-dimensional whilst the drift is only one-
dimensional. A more appropriate expression therefore is

3

3 1 5
5 kTeff=§ kT, +£ HUiy.
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This implies that the non-thermal effects are somewhat
smaller than in the unmodified form, but it is a more real-
istic description of the streaming and hence it was adopted
in our model.

We set A, at 0.3 mag of extinction, which is appropriate
to the predominantly atomic diffuse cloud envelope where
we postulate that MHD dissipation occurs. In our ‘standard’
model, the H, fractional abundance is approximately 10 per
cent, consistent with observations of the H-to-H, transition
in diffuse cloud envelopes, so that the endothermic reaction
for CH* formation proceeds effectively. This is achieved by
arbitrarily introducing a shielding factor for the H,-
dissociating UV flux. The corresponding self-shielding
factor reduces the UV flux by ~7.9 x 107 and is the same
for all of our model runs. CO self-shielding is not included
in the model because its abundance is relatively low. The

“‘standard’ model has a density of 100 cm~>. The kinetic

temperature is fixed at 100K in all of our model runs, a
value consistent with theoretical models (Taylor, Hartquist
& Williams 1993); however, the precise temperature in the
vicinity of 100K does not have a significant effect on the
chemistry.

In the absence of sufficient ion—neutral velocities, CH™* is
formed by direct radiative association:

C*+H->CH" +hv 3)

(k=17x10"" cm® s~'). With a kinetic temperature of
100K and an H, abundance of 10 per cent, this reaction is
faster than reaction (1) when T, <422 K, corresponding to
an Alfvén speed (V) of ~2.2 km s~'. Observed CH™ lines
tend to have Doppler widths of ~2.5 km s~ (Lambert &
Danks 1986; Lambert et al. 1990; Crawford et al. 1994;
Crawford 1995). Since the non-thermal motion of the C*
ions can be considered as one-dimensional in our picture,
the resulting broadening of the CH™* line is also one-dimen-
sional. This suggests that the effects of Alfvén speeds as

Table 2. Fractional abundances obtained from the models. Two
values are shown for each species. The upper and lower values
correspond to the equilibrium abundance obtained before and
after the addition of MHD ion-neutral streaming respectively.
See text for a description of the models.

Species Model1l Model 2 Model3 Model4 Model 5

CHt 3.3(-12) 3.3(-12) 3.1(-12) 3.3(-12) 3.3(-12)
5.0(-9)  2.8(-9)  8.1(-9)  1.5(-11) 7.2(-8)
CH 1.6(-10) 5.7(-11) 3.8(-10) 1.6(-10) 1.6(-10)
9.3(-9)  1.9(-9)  3.6(-8)  1.5(-10) 1.2(-7)
OH 1.6(-10) 9.3(-11)  2.6(-10) 1.6(-10) 1.6(-10)
2.7(-10)  1.2(-10) 5.7(-10) 1.6(-10)  1.7(-9)
HCO*  3.0(-13) 1.6(-13) 5.5(-13) 3.0(-13) 3.0(-13)
1.5(-11)  4.8(-12) 3.8(-11) 2.9(-13)  2.1(-10)
ot 8.2(-14) 8.1(-14) 6.9(-14) 8.2(-14) 8.2(-14)
2.6(-12) 2.6(-12) 2.1(-12) 1.1(-13) 3.8(-11)
H* 2.8(-9)  2.7(-9) 2.5(-9)  2.8(-9)  2.8(-9)
1.5(-8)  1.5(-8)  1.3(-8)  9.2(-10) 1.8(-7)
co+t 3.1(-14) 1.8(-14) 4.8(-14) 3.1(-14) 3.1(-14)
7.0(-13) 3.9(-13) 1.1(-12) 3.3(-14) 9.6(-12)
Hst 3.6(-14) 2.0(-14) 6.2(-14) 3.6(-14) 3.6(-14)
1.9(-12) 9.8(-13) 3.4(-12) 2.7(-14)  2.9(-10)
HCN  3.3(-14) 1.2(-14) 8.0(-14) 3.3(-14) 3.3(-14)
2.9(-12) 5.8(-13) 1.2(-11) 3.3(-14) 4.2(-11)
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large as ~4 km s~ can be explored. We adopt a standard
value of V,=3 km s~ in our models.

The modelling proceeds in the following way. We initially
integrate the chemistry without the non-thermal additions
until equilibrium conditions are obtained (after about
10°-10° yr). We then introduce the MHD augmentation to
the effective temperatures for the relevant reactions and
follow the subsequent time-dependent chemical evolution
for some 10’ yr, by which time a new equilibrium has been
established.

4 RESULTS

The results from the model are presented in Table 2. We do
not present the time-dependent evolution of the abundan-
ces, as the only features of interest are the time-scales for
the abundances to re-adjust to the non-thermal rates. Table
2 gives both the equilibrium fractional abundances relative
to hydrogen nuclei before the non-thermal effects are intro-
duced and also the results of the addition of the MHD-
enhanced ion-neutral rate coefficients (at equilibrium).
The results of the enhancement to the chemistry brought
about by the MHD waves can thus be seen by comparing the
two entities for each chemical species.

Model 1 is the standard model (n=100 cm™>, V,=3 km
s7!, T\n=100K). The effects of changing the density are
explored in models 2 (n=50 ¢cm™) and 3 (=200 cm ™),
and different Alfvén velocities are used in models 4 (V,=2
km s7') and 5 (V,=4 km s™'). A fractional ionization of
2.1 x 107 results from all of the model runs. The results
from the standard model show the huge enhancements in
the CH™* fractional abundance that are obtained (more
than 1000 x ) whilst the OH fractional abundance is
enhanced by a factor of less than 2 x . Thus, the CH*: OH
ratio changes from 0.02 to 18.5 when MHD enhancements
are introduced. Assuming a standard dust-to-gas ratio,
A,=0.3 mag corresponds to N (H)~6 x 10° cm~? so the
‘before’ and ‘after’ CH™* fractional abundances correspond
to column densities of 2 x 10° and 3 x 10” cm™? respec-
tively. These values can be regarded as average values under
the assumption that the fractional abundances do not vary
much over this small column density. The latter, MHD-
derived value is similar to observed ones (e.g., Federman
1982a). The chemistry of CH is affected by changes in the
CH™ abundance as well. We find that the fractional abun-
dance of CH is enhanced by a factor of ~58, corresponding
to N(CH) ~5.6 x 10" cm ™% many sight lines have compar-
able CH column densities (e.g., Federman 1982a). HCO*,
which is mainly formed by the reactions

CH,; + O-»HCO* +H
CH; + O-HCO"* +H,,

is enhanced by a factor of 50 x, but the implied column
density of 9 x 10° cm 2 is insufficient to explain its unexpect-
edly large detected column density on several lines of sight
(e.g., Lucas & Liszt 1993; Hogerheijde at al. 1995).

The time-scale for the chemical readjustments is very
short (of the order of one year) for those species, such as
CH™, which are directly affected by MHD rate enhance-
ments. All other relevant non-chemical time-scales are
much longer. Related species re-adjust on longer time-

scales: HCO™*, CH,, CH;" (10 yr) and CH, (100 yr). The
oxygen chemistry (H,O, O*) is only affected on time-scales
of 10°-10* yr or even longer (H;O*). These species tend to
be affected by the MHD enhancements through a chain of
reactions. In Table 2 we can see that there is a substantial
increase in the O™ fractional abundance. Although partly
derived from the temperature dependence of the charge
exchange reaction (2), the main cause is the enhancement
of the H* abundance brought about by the sequence

CH*+0-CO* +H
CO*+H-H" +CO.

The increased O™ fractional abundance then drives the
oxygen chemistry:

O* +H,... > H;0*%O0H, H,0.

The enhancements are very much smaller, however, than
for CH".

The n.ain effect of varying the density (models 2 and 3) is
for the H, abundance to be altered (to 5.6 and 16.7 per cent,
respectively, assuming that the shielding factor for H,
photodissociation does not change) with corresponding
effects on the chemistry. For instance, the CH and HCO*
fractional abundances are sensitive to CH;', the fractional
abundance of which, in turn, is driven by the CH,” +H,
reactions. Model 3 predicts excessive CH fractional abun-
dances. The non-thermal ‘temperature’ is proportional to
V% so, as predicted above, in model 4 (V,=2 km s~") the
non-thermal effects on the chemistry are relatively mar-
ginal, whereas model 5 (V,=4 km s™') predicts excessive
CH™ and CH fractional abundances, but may be viable at
lower densities (n =10-20 cm ). In an additional model, 6,
we investigated the sensitivity of our results to the values of
the rate coefficients that we used by altering the values of
some of the less-well-defined rates. These alterations are
summarized in Table 3. The results from model 6
do not show any major differences from the standard
model, except for the CH fractional abundance
[X(CH)=5.0 x 10~%], which is substantially enhanced as a
result of the suppression of the CH + H destruction chan-
nel. The fractional abundances of H*, O* and CO™* are
enhanced by about 50 per cent (relative to model 1), but the
abundances of most other species of interest are altered by
less than 10 per cent. The results are therefore still consist-
ent with the overall conclusions of this paper that the varia-
tions in the CH* : OH ratio can be caused by non-thermal
MHD waves. :

Table 3. Values used for rate coefficients (in cm® s~*) in the
models. References: (1) this work; (2) Federman & Huntress
(1989); (3) Dubernet et al. (1992); (4) Anicich (1993).

Reaction Models 1-5 Model 6 Reference
CH+H—C+H, 5(-11) ] 1
¢t 4+CH—CH*t 4+C 3.8(-10) 8.1(-10) 2
Ct4+OH—~COt +H 7.7(-10) 4.2(-9) 3
Ct4+H,0—HCOt+H  9.0(-10) 2.2(-9) 4
CO*+H; -HCOt+H 1.8(-9) 7.3(-10) 4

© 1996 RAS, MNRAS 279, 1L41-146
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5 DISCUSSION

An alternative way of creating CH™ in the absence of OH is
the destruction of carbon chain molecules in hot gas. Such
molecules have been suggested as candidates for the car-
riers of the DIBs (Douglas 1977) and their origin possibly
lies in the degradation of carbon grains. Taylor & Williams
(1993) showed that detectable amounts of CH* along lines
of sight without molecular hydrogen could be produced
through the shock erosion of grains assuming an alkane
such as CH, is the dominant ejected molecule, but this
mechanism could not account for the observed column
densities of 10" cm~ or greater.

If the linewidths of ~3 km s~' are caused by a purely
thermal gas then temperatures of 5000 K are required. The
gas must then have a density of ~5 cm™ to maintain pres-
sure balance with the cloud and be composed of atomic
hydrogen if OH is not to be produced. We therefore investi-
gated the possibility that under such conditions a carbon
chain such as C, can be destroyed to produce CH*. The
steady erosion of grains over the lifetime of a cloud (~10°
yr) cannot produce large column densities of even the
injected parent molecule, and certainly not of CH*. Some
other mechanisms that produce carbon chains are therefore
required in order to account for the observations. They
might include the transient injection of grains into the gas, a
highly efficient recycling of carbon ions back into grains, or
a gas-phase synthesis. Nevertheless we find that, even with
the steady erosion of grains, it is possible to enhance the
CH™* column density by a factor of around 20 over that
calculated from synthesis in an atomic gas by reaction (3),
through highly endothermic reactions that insert hydrogen
atoms into carbon chains. The most important reaction of
this type is

C,; +H-CH™* +C,

where we estimated the reaction rate
(k=5 x 10~ ~"*1%7T ¢y® 5~1) and used similar values for
other, related, reactions. We find that the CH* abundance
is always a factor of 2 bigger than that of CH, and although
some H, is produced from CH* the abundance of OH is
always 10-20 times less than that of CH*. Although this
suggests that some CH* enhancement is caused by carbon
chain degradation, the enhancements and the abundance
ratios are very much less dramatic than some of the
observed variations.

In contrast, our MHD model predicts CH* and CH
abundances that are compatible with the observations. The
values of the CH* : CH ratio are particularly close to those
observed for many sight lines. Additional CH production
through the reaction C* + H,—»CH," + hv at ambient tem-
peratures provides the necessary enhanced column densi-
ties for regions rich in molecules. Since our picture does not
produce large amounts of OH, cosmic ray induced ion—
molecule chemistry in cold gas supplies the observed col-
umn densities (see van Dishoeck & Black 1986; Federman
et al. 1996). The HCO* and HCN abundances are some-
what lower than those deduced from observations (Lucas &
Liszt 1993; Hogerheijde et al. 1995), and the sulphur
chemistry yields N(HS*) well below observational limits
(Millar & Hobbs 1988; Magnani & Salzer 1991). However,
our model is highly simplified and the next step would be to
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integrate the effects discussed in this paper into a more
physically plausible slab model of a diffuse cloud. It seems
likely that some other mechanism is required to account for
the HCO™ observations. We made some rather arbitrary
assumptions about the length-scales over which MHD
effects may be important, and we must be careful to con-
sider the energetics of the MHD waves. In the cores of dark
clouds, where the fractional ionization is lower (~1077),
MHD waves are dissipated on short time-scales (Hartquist
et al. 1993) and turbulent support is not seen to exist (Myers
& Goodman 1988). In the outermost parts of the cloud, the
ionization level is sufficiently high (~10~") for the ionic and
neutral fluids to be well coupled. There will be little dissipa-
tion in these circumstances, but also little ion—neutral
streaming. It is only in the intermediate, dissipative zone
that the effects are significant, and this must be incor-
porated realistically into any slab model of the cloud. How-
ever, the mechanism that we propose here is sufficiently
efficient to be able to explain the observed CH*:OH:CH
ratios and their variations from star to star. These findings
strongly encourage us to develop the models further.
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