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Abstract. Diffuse clouds embedded in a flowing intercloud medium will develop warm interface layers in which
the thermal pressures should significantly exceed those within the cloud. We have investigated the gas-phase
formation of polyatomic molecules within such warm interfaces. If an interface occupies a few percent of the total
molecular column density along that line-of-sight, then many polyatomic species in that interface should have
detectable abundances. We have compared the results of interface models with observational data on polyatomic
species obtained by Liszt and Lucas. Some models give results that are in harmony with measured ratios of
several species including C2H, HCO+ and OH; these models have background radiation fields intensities that
are lower than the standard by an order of magnitude. The number densities of molecular hydrogen are of the
order of 102 cm−3 in regions with temperatures of several thousand degrees. Such conditions in an interface do
not conflict with the lower pressures inferred from CO data, as most of the CO is expected to be in the cold
bulk of the material rather than in interfaces. The constancy of the sum of MHD wave “pressure” and thermal
pressure implies higher thermal pressures in interfaces than in the cold cloud and cold clump material. The
radiation and thermal pressure conditions required to explain the observed abundance ratios may be more likely
in interfaces around diffuse clumps within Giant Molecular Clouds than those around the isolated “field” diffuse
clouds observed in ultraviolet absorption. Some measured abundance ratios, the most notable of which is that of
the abundances of H2CO and HCO+, are not well matched by model results, though on the basis of the models
the relevant species would be expected to be observable in some cases. It is possible that the adopted chemical
network is incomplete.
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1. Introduction

Lucas & Liszt (1993, 1996, 2000a,b) and Liszt & Lucas
(1995, 1998, 2000) have observed a number of di-
atomic and polyatomic species in millimetre wavelength
absorption against background extragalactic sources
along lines-of-sight through diffuse interstellar clouds.
Liszt & Lucas (1999) recently presented a short summary
of the results, while Lucas & Liszt (1997) gave a more de-
tailed, earlier review of their work. The low column densi-
ties of CO (in the range of 1014 cm−2 to 1016 cm−2) and
its fractionation constrain most of it to be in cold diffuse
material where much of the carbon is in the form of C+.
In addition to CO, the species detected in absorption in-
clude HCO+, OH, CN, HCN, HNC, C2H, H2CO, C3H2,
CS, SO, H2S and SiO. Liszt & Lucas (1999) noted that
the presence of many of these species in the detected abun-
dances is a mystery similar to that of the high abundances
measured for CH+ in diffuse clouds.
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A number of explanations, summarized by
van Dishoeck (1998), have been offered as solutions
to the CH+ problem. (Indeed, a complete review of
them would touch on a good fraction of the history of
the field of interstellar chemistry). Some work on the
origins of the diffuse cloud polyatomics follows ideas
already applied in the CH+ problem. Line profile data
(e.g. Liszt & Lucas 2000) present difficulty for shock
models (Flower & Pineau des Forêts 1998), and it is
probable that (if they operate) the speculative nonlinear
effects invoked by Joulain et al. (1998) lead to dissipation
through shock formation and are similarly constrained.
One of the explanations examined by Duley et al. (1992)
concerns the possibility that CH+ is abundant in the
interface regions between cold clumps and more tenuous,
hotter media flowing around them. Here we investigate
the possibility that the polyatomic species detected by
Liszt and Lucas are formed in such interface regions.

Section 2 describes briefly the physical properties likely
to be obtained in the interfaces. Section 3 contains a sum-
mary of the assumptions made in the construction of the
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chemical models and calculated fractional abundances for
the models. Section 4 presents a discussion of our results,
and we make a short conclusion in Sect. 5.

2. Turbulent boundary layers

The tenuous intercloud medium surrounding a diffuse
cloud almost certainly flows around the cloud since stellar
winds and supernovae drive flows throughout the inter-
cloud medium. The flow may be of fairly moderate to low
Mach number (M), in which case the cloud can be con-
fined for a time substantially in excess of its fast-mode
magnetosonic crossing time. However, even if the tenu-
ous material flows at a fairly low Mach number relative
to a cloud, the flow establishes pressure differences on
the cloud surface as a consequence of the Bernoulli effect.
Cloud material will move to the region of the surface where
the pressure is lowest at a speed of order M2 cf , where
cf is the fast-mode speed in the cloud (e.g. Hartquist &
Dyson 1988) for all but very small values of M. Thus, H2

will reach the surface of a diffuse cloud (Hartquist et al.
1992). There it is heated due to the dissipation of waves
generated by the Kelvin-Helmholtz instability occurring
at the cloud-intercloud interface. As discussed by Duley
et al. (1992) the heating may result in temperatures of
many hundreds or even thousands of degrees in H2-rich
gas moving at speeds well below cf with respect to the
bulk of the cloud. The scenario is depicted in Fig. 1.

Duley et al. (1992) assumed that the gas in the inter-
face would be at a thermal pressure comparable to the
thermal pressure of the cloud. In fact, if the motions giv-
ing rise to the broadening of spectral features in the cloud
are very superthermal, the thermal pressure in some parts
of the interface region may well substantially exceed the
thermal pressure in the cloud. In the vicinity of a steady
interface structure the sum of the wave and thermal pres-
sures must be nearly constant along a largescale magnetic
field line; within the WKB approximation (e.g. Barnes
1992) the wave pressure goes up as ρ1/2, where ρ is the
density. If the superthermal motions in clouds are due to
waves generated at their surfaces propagating into them
(e.g. Coker et al. 2000) the thermal pressure in the low
density part of the interface regions will exceed the ther-
mal pressure in the bulk of the cloud.

The fraction, f, of the total pressure acting along
a large-scale magnetic field line, Ptot, that is thermal
pressure, Pth, can be calculated from:

f ≡ Pth

Ptot
(1)

Pth =
kB ρ T

µ
(2)

Ptot = Pth + U (3)

where kB is Boltzmann’s constant, ρ is the density, T is
the temperature, µ is the mean mass per particle, and U
is the time-averaged energy density of the perturbation

Fig. 1. The Magnetic Field and Thermal Structures of a
Diffuse Cloud. a) The intercloud medium is static. The mag-
netic field lines are somewhat bent as the field contributes to
the support of the cloud against the pressure of the intercloud
medium. b) A subsonic flow engulfs the cloud. Magnetic field
lines are bent around the cloud by the flow. The existence of
hydromagnetic waves is indicated by undulations in the field
lines and is likely to be a consequence of the flowing intercloud
medium with the cloud. The shaded regions are those to which
H2 flows most rapidly to the surface; the shading is darkest in
those interface regions containing H2 where the viscous heating
rate is probably greatest

magnetic field (e.g. Martin et al. 1997). If the wave is an
Alfvén wave and V is its velocity amplitude, and subscript
“c” indicates that the quantity is equivalent at the cold
side of the interface,

U =
1
4
ρc V

2
c

(
ρ

ρc

)1/2

. (4)

Equation (4) is correct in the WKB-limit. It follows that,

f

fc
=

1
fc
− (1− fc)

fc

(
ρ

ρc

)1/2

(5)

and(
ρ

ρc

)1/2

= − (1− fc)
2fc

Tc

T
+
[

(1− fc)2

4f2
c

T 2
c

T 2
+

Tc

fcT

]1/2

.(6)
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Table 1. The elemental abundances relative to that of
hydrogen nuclei

Species Elemental Abundance

H 0.0 10−00

He 7.1 10−02

C 3.0 10−04

N 2.0 10−05

O 6.0 10−02

S 3.0 10−06

Mg 3.0 10−09

Na 1.0 10−06

Si 1.0 10−06

For Vc = 3 km s−1 and Tc = 100 K, then fc ' 0.13,
implying that the thermal pressure in warm regions of the
interface is about 7 times that in the cooler regions.

Duley et al. (1992) limited their considerations to in-
terface gas with thermal pressure comparable to the high-
est thermal pressures thought to be associated with diffuse
molecular clouds observed with Copernicus. However, ob-
servations of those clouds showed evidence of superther-
mal motions. Consequently, we will consider here inter-
face region pressures substantially exceeding the thermal
pressures of the diffuse molecular clouds, as well as more
modest interface region pressures.

3. The chemical model

We argued in the previous section that H2-rich gas will
move to the vicinity of a cloud surface where the pres-
sure is lowest rapidly enough that little of the H2 in it
will be photodissociated. Therefore, we assume that all
hydrogen entering the interface is initially H2 and that its
photodissociation rate is negligible. All elements whose
neutral atoms have ionization potentials less than that
of hydrogen were assumed to be in the form of singly
charged atomic ions (e.g. C+ and S+, etc.) initially, while
all other elements were taken to be in neutral atomic
form. The number density of hydrogen nuclei, nH, and T,
were held constant. Integrations of the chemical rate equa-
tions were halted after about 104 years, by which time the
abundances of all species of interest had reached steady-
state. The assumed elemental abundances relative to that
of hydrogen are given in Table 1. The UMIST chemical
database (Millar et al. 1997) was used, and the model fol-
lowed the time-dependence of 337 species interacting in
2950 chemical reactions.

Table 2 displays the model results for the fractional
abundances of selected species relative to nH for a range of
values of the parameters nH, nHT and also χ, a measure of
the incident radiation field which is unity for the standard
interstellar background radiation field.

4. Discussion

Warm interface regions are likely to contain only a few
percent of the column density of a cloud. Therefore for a
species Y to have a column density of about 1012 cm−2 in
a warm interface of a diffuse cloud it must have a fractional
abundance, X(Y ), relative to nH of about 3 10−8. A num-
ber of the models listed in Table 2 give fractional abun-
dances of this magnitude and greater for a variety of the
species observed in millimetre wave absorption. However
only a few models give abundance ratios of key polyatomic
species similar to those measured.

We focus first on the C2H to HCO+ abundance ra-
tio which Lucas & Liszt (2000b) have found to vary but
often to have a value in the range 10 to 20. Models 11
and 18 are the only ones with values of that ratio in that
range, while the values for models 12 and 17 are greater.
Of these four models, only model 11 has an OH to HCO+

abundance ratio within rough agreement with the mea-
sured values which almost uniformly are between about
20 to 30 (Lucas & Liszt 1996). For models 12 and 17, as
well as for models 11 and 18, χ = 0.1. That χ must be
somewhat lower than usually assumed is probably not a
serious constraint. As the observations are made over long
line-of-sight, the locations of many of the absorbing dif-
fuse clouds are most likely uncertain. In fact, the use of
such background sources may well introduce selection ef-
fects favouring the detection of clouds in regions with low
values of χ. Clouds in regions with large values of χ may
well contain less than the lowest detectable column den-
sity of CO. It is likely that a number of the diffuse clumps
may reside in or around Giant Molecular Clouds and that
the material in such complexes at least partially shields
the detected diffuse clouds from the general interstellar
radiation field.

The values of nHT for the models having C2H to
HCO+ and OH to HCO+ abundance ratios in rough agree-
ment with the measured ratios are one to one and a half or-
ders of magnitude higher than the value of nHT that Duley
et al. (1992) suggested is compatible with a warm interface
being the site of CH+ and a component of CH observed by
Lambert et al. (1990) towards the ζ Oph cloud. However,
as CH+ data do not exist for the lines-of-sight studied by
Liszt & Lucas, considerations of its production should not
be used as too stringent a constraint in the discussion of
the models for the polyatomic data. Optical and ultravio-
let absorption studies, like those in which CH+ is detected,
are normally aimed at the investigation of somewhat iso-
lated or “field” diffuse clouds. As mentioned above, along
the line-of-sight to an extragalactic source a fair fraction
of the diffuse structures (for which the total visual extinc-
tion optical depths are unity or less) intercepted may be
clumps associated with Giant Molecular Clouds (GMCs).
Many of these GMCs have MHD wave “pressures” (e.g.
Williams et al. 1995) comparable to the thermal pressures
required for the interface models to have abundance ra-
tios of C2H, HCO+ and OH similar to those measured by
Lucas & Liszt (1996, 2000b).
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Table 2. Results from Models 1–54 at time 1 104 years. Notation 1.80(−09) ≡ 1.80 10−09
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We now compare several other measured abundance
ratios reviewed by Lucas & Liszt (1997) to those given by
the models, with particular emphasis given to model 11.
Lucas & Liszt (2000b) give a value of around 30 as the
typical measured abundance ratio of C2H to ortho-C3H,
a value close to that for model 18 but almost a factor of
5 lower than that of model 11. Of course, it should be
borne in mind that the reliability of the underlying chem-
ical network becomes more uncertain as the number of
atoms, particularly those other than hydrogen, contained
in the species under consideration increases. C3H is in this
sense a rather complicated species, and a factor of 5 is not
a serious discrepancy. The values for models 11, 12, 17 and
18 of the CN to HCN abundance ratio are all much less
than the measured values, as would be expected if CN is a
molecule produced in abundance by cold gas phase reac-
tions. Therefore, much of the CN is contained in the cold
material. Likewise, interface model CO to HCO+ abun-
dance ratios are much smaller than measured values, a
fact consistent with the great majority of the CO being in
cold regions, as demanded by the observations of its ex-
tinction. The CS to HCO+ abundance ratio for model 11
is somewhat lower than typically measured ratios. Better
agreement would follow if elemental sulphur were unde-
pleted, as X(CS) scales with the fractional abundance
of sulphur (the sulphur abundance in Table 1 implies a
depletion by a factor of 5 relative to solar).

The explanation of the millimetre absorption data
in terms of the interface models faces some difficulties.
Perhaps, the most severe one arises from the data for
X(H2CO)/X(HCO+). Although H2CO has not been de-
tected along all lines-of-sight on which HCO+ is found,
it commonly has an abundance ratio that is over one
order of magnitude larger than that of model 11 (Liszt
& Lucas 1995). However, it should be recalled that no
gas-phase chemical model is able to account satisfacto-
rily for diffuse cloud formaldehyde. Consequently, some
authors (Viti et al. 1999) have invoked surface reactions
on dust. The values of X(HCN)/X(HCO+) for models
giving reasonable values of the ratios X(C2H)/X(HCO+)
and X(OH)/X(HCO+) are over one order of magnitude
higher than usually measured. Model values of the HNC
to HCN abundance ratio are much lower than observed, a
fact that may reflect an underlying incompleteness in the
treatment of the HNC chemistry rather than a problem
with the basic concept behind the models. For example,
the reaction network allows the formation of HCN, but
not HNC, from the reactants CH3 and N.

We find that X(C2) & 10−6 for many models. Though
it is not detectable in millimetre wave absorption due to
its symmetry, C2 is detectable in absorption in the red
against bright enough background stars, and observations
of it have been used to constrain temperatures of diffuse
molecular clouds to low values (van Dishoeck & Black
1986). Previously measured column densities have been
several to many times 1013 cm−2. Without more detailed
analysis it is difficult to say how stringent the constraints
C2 data place on the properties of warm regions of diffuse

clouds towards which it has been observed.χ is most likely
greater than 0.3 for most nearby clouds through which C2

absorption has been detected; that X(C2) falls with in-
creasing χ in the interface models probably ensures that
interface contributions to C2 features already detected are
not dominant.

The high NH abundances in some models are of great
interest. The reaction N + H2 → NH + H has a barrier of
about 16 000 K (Millar et al. 1997), and NH is not formed
efficiently by low temperature gas phase chemistry. Its de-
tection in some lines-of-sight through diffuse clouds has
been interpreted as evidence of the importance of grain
surface reactions (Wagenblast et al. 1993; Crawford &
Williams 1997). Evidently, large amounts of NH may arise
in warm interfaces. It is possible that the elevated temper-
ature may promote the surface reaction.

5. Conclusions

Interface regions around a diffuse cloud embedded in a
flowing intercloud medium should have thermal pressures
that are significantly larger than those within the cloud.
In this paper we have explored the gas-phase chemistry
arising in such warm interfaces. Our results show that
observable abundances of various polyatomic species can
be produced if the warm interface regions occupy a few
percent of the total molecular column density along that
line-of-sight. For models in which the radiation field inten-
sity is about one tenth of the mean interstellar radiation
field intensity, then the agreement with observations of
Liszt and Lucas is reasonable. However, in some cases the
results suggest that the gas-phase chemical network used
may be too limited. Surface reactions may also contribute
to molecular abundances in both warm interfaces and in
the cold cloud gas.
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