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Abstract. The formation of small carbon chains and molecu-
lar precursors to silicon carbide grains is investigated in the hot,
hostile environment of carbon-rich Wolf-Rayet (WC) winds.
We consider only WC stars which produce dust on a continuous
basis and develop for the first time non-equilibrium, chemical
kinetic routes to nucleating dust precursors in the outflow. These
can be used to calculate quantitatively the yield of such dust pre-
cursors for various outflow scenarios. Because WC stars have
lost all their hydrogen in the WN phase, the chemical processes
used in the model involve a pure helium, carbon, oxygen, sili-
con and sulphur chemistry which resembles that encountered in
graphite or metal vaporization experiments in the laboratory. We
derive abundances for small linear carbon clusters up to C6 and
silicon-bearing species for various wind parameters and con-
clude that high-density regions in the form of clumps or discs
are of paramount importance to the formation of dust in WC
stars.

Key words: molecular data – molecular processes – stars: cir-
cumstellar matter – stars: Wolf-Rayet

1. Introduction

Wolf-Rayet (WR) stars represent a late stage in the evolution
of massive stars before the supernova explosion episode. WR
stars are characterised by high effective temperatures (T? ∼
20000 − 90000K), fast radiatively accelerated winds (Vwind ∼
1000−4000km s−1), high mass loss rates (Ṁ ∼ 10−5 M� yr−1)
which expel almost half of the initial ZAMS stellar masses to the
surrounding medium (van der Hucht 1998). The winds of these
objects are also the site of strong emission lines arising from
excited atoms and ions and continuum free-free emission at in-
frared (IR) and radio wavelengths. WR stars experience three
phases of evolution corresponding to different emission spectra:
the WN phase is characterised by hydrogen burning in the core
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via the CNO cycle, and enhancement of helium and nitrogen as
a result. The hydrogen abundance reflects the completeness of
this process. The more evolved WC phase corresponds to helium
burning in the core via the triple-alpha process accompanied by
weak s-processes. WC stars are rich in helium and carbon, have
varying amounts of oxygen and are deficient in hydrogen and
nitrogen. Those with the most oxygen, whose spectra show con-
spicuous Oviemission lines, are classified WO stars. Therefore,
the elemental composition at the stellar surface resulting from
the various nuclear burning stages governs the wind chemistry
and the type of dust formed in the outflow. As WC stars have
no hydrogen left in their atmosphere, the wind elemental com-
position is dominated by helium, carbon and oxygen, mainly in
their ionic forms due to the strong stellar radiation field.

Dust was first observed in WC stars of spectral type WC9
by Allen et al. (1972). Later photometric studies in the infrared
by Williams et al. (1987, hereafter WHT) have shown that half
of the WC8 and most of the WC9 stars were condensing dust
in their wind steadily or episodically. The objects for which
the dust was always observed had to be forming fresh grains
on a continuous basis because dust particles were momentum-
coupled to the fast stellar wind and thus being continuously car-
ried away from the stars. WHT modelled the IR spectral energy
distributions of the dust-making WC stars, finding that these
could be well fitted with shells of amorphous carbon (AC) grains
in radiative equilibrium with the stellar radiation field. Other
condensates have also been considered with less success in re-
producing the near-IR stellar spectra (Dyck et al. 1984). New
observations with the Short Wavelength Spectrometer (SWS)
on board the ISO satellite were conducted for various WC stars
by van der Hucht et al. (1996) and full spectral energy distribu-
tions in the IR were obtained for these objects. Again, models
by Williams et al. (1997) can reproduce well the ISO data using
homogeneous shells of AC dust grains.

In addition to the IR emission, dust formation in WC stars
has manisfested itself by eclipse-like variations recently at-
tributed to episodic obscuration of starlight by blobs of dust
in the line-of-sight very close to the star (Veen et al. 1998).
These variations appear to be similar to those of the R Coro-
nae Borealis (R CrB) stars but with smaller amplitudes and the
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Fig. 1. The dominant structural pathways to the
formation of AC grains in a hydrogen-poor gas
adapted from Cherchneff & Tielens (1995). The
route to fullerene via PAC molecules is now
questionable in view of new experimental results
(see text).

mechanism triggering blob formation is still unknown. Com-
parison of the spectra of the archetypical dust-forming WC9
star WR104 (Ve2-45) during such an episode and under normal
conditions showed that the dust was forming rather close to the
star (Crowther 1997) and within the inner dust shells derived by
WHT and Williams et al. (1997).

Silicon carbide clusters are responsible for the emis-
sion/absorption band at 11.3µm in carbon-rich AGB stars.
Such a feature is not detected in WC stars although silicon is
present in the stellar wind as proved by the detection of ionic
silicon forbidden IR lines in emission in the line forming region
(Williams et al. 1997). The absence of SiC signature is puzzling
and may hint at the fact that the chemical processes responsible
for the formation of SiC in late-type stars may be hindered in
the hydrogen-deficient WC wind.

In this paper, we extend the previous study of Cherchneff &
Tielens (1995) and describe the first steps of dust nucleation in
hydrogen-deficient environments using a chemical kinetic ap-
proach. Such a study has a more general relevance and could be
applied as well to the He-burning zones of supernova ejecta and
to R CrB stars. We do not attempt to construct a wind model
for a WC star but we prefer testing the chemistry describing the
formation of small carbon clusters and silicon-bearing species
for the physical conditions encountered at the inner radius of
the dust shells used in the models of WHT and Williams et al.
(1997). In Sect. 2, we discuss the nature of carbon dust condens-
ing in a hydrogen-poor environment and the potential precursors
to the nucleation of silicon carbides. The chemical and stellar
models are described in Sect. 3. Finally, results are presented in
Sect. 4 and we discuss the possible wind geometries leading to
dust nucleation and condensation and related issues in Sect. 5.

2. The nature of dust and its precursors

Amorphous carbon grains can easily be formed in the labo-
ratory in a hydrogen-free environment from vaporisation of
graphite rods. This type of experiment has led to the discov-
ery of fullerenes by Kroto et al. (1985). Graphite vaporisation
usually occurs at temperatures of a few thousand degrees Kelvin
but at high gas density as a buffer gas (usually helium) is used to
carry the gaseous products out of the hot vaporisation zone. The
resulting products represent various families of carbon clusters,
from linear chains to rings and fullerene molecules.

Since the discovery of C60, many studies have focused on
carbon clusters and our understanding of fullerene and AC
grains synthesis has been revised with time. Because of the
lack of hydrogen in the gas, the formation of pure carbon clus-
ters will proceed from the nucleation of very small clusters, as
illustrated in Fig. 1. The most stable structure is linear up to 10
carbon atoms (Heath 1992) resulting in small carbon chains with
unsatisfied bonds at each end, but ring isomers can also co-exist
along with the linear chains for clusters with 8, 9 and 10 car-
bon atoms (von Helden et al. 1994). The ring structure becomes
more stable for species withN(C) > 10 and monocyclic rings
form and coalesce into bicyclic and possibly tricyclic rings (von
Helden et al. 1993; Shemilov et al. 1994). However, Shemilov
et al. shows that a bicyclic ring can isomer quickly to a large
monocyclic ring for clusters with24 < N(C) < 36 during an-
nealing, and that graphitic fragments (≡ large polycyclic aro-
matic carbons, or PACs) exist but in small quantities compared
to monocyclic rings.

These results have changed our view on how fullerene is
formed from small carbon clusters. It was initially thought that
fullerene grew from the curling of aromatic sheets due to the
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Table 1. Stellar and wind parameters for the standard WC9 star used
in our model.

Star Dust Inner Shell

Teff = 19000 K Rinner = 760 R?

R? = 12 R� Tgas = 4000 K
Ṁ= 10−5 M� yr−1 ngas = 106 cm−3

Vflow = 1000 km s−1

addition of C2 units and the inclusion of pentagon rings in
large PACs. However, new experiments suggest that fullerene
molecules are formed in a H-free gas from the coalescence of
large monocyclic rings in the gas phase (Rubin et al. 1991; von
Helden et al. 1993; Kroto 1994) and rule out the role of PACs
as intermediates.

As for the formation of AC grains, the reactivity of large
carbon clusters was studied by Zhang and co-workers (1986)
who showed that odd-numbered, spherical clusters from the
fullerene family could not form a perfectly closed, unreactive
shell and were highly reactive due to their dangling, unsatisfied
valences. This was observed in the final depletion of injected
radicals and odd-number fullerenes in the experiment. It was
further suggested that these odd-number clusters were reacting
with small clusters present in large amount in the gas to form
large icospiral AC structures and grains.

Therefore, we would expect chains, large rings, fullerenes
and AC particles to form in the winds of cool WC stars. Aro-
matic molecules are characterized by several vibrational stretch-
ing modes from their carbon skeleton (Allamandola et al. 1989)
searched for aromatic emission bands at 6.2 and 7.7µm in sev-
eral WC stars with the ISO SWS06 instrument. No obvious
strong emission features were observed supporting the view
that PACs may not represent a large carbon cluster population
in the winds.

Silicon carbide is a common condensate in the outflows of
carbon-rich, AGB stars. In a gas rich in hydrogen, solid SiC is
produced in the laboratory from various techniques, in particular
the combined IR pyrolysis of hydrocarbon molecules and silane
(SiH4). Although the nucleation mechanisms still need to be
identified, it is observed that Si, C2 and SiC2 molecules are
among the gas phase intermediates in the condensation zone
where SiC clusters form (Fantoni et al. 1991). The synthesis of
SiC clusters in the laboratory usually involves the breakdown
of small hydrocarbons and their reaction with atomic Si. In a
gas poor in hydrogen, the nucleation reactions are certainly very
different, but the intermediate species should be similar because
they represent the only compounds which can be formed in a
mixture of atomic silicon and carbon.

3. The model

In this paper, we restrict our study to the formation of precursors
to dust grains, that is, small linear clusters up to C6. We also
investigate the formation of silicon-bearing species, with special
attention to potential intermediates in the formation of silicon

Table 2.Elemental composition (in mass fraction) of the stellar surface
(from Prantzos et al. 1986, 1987) and ionization fraction in the wind
(from van der Hucht et al. 1986).

Elemental Composition Ionization fraction

A(He)= 0.6 [HeII]/[HeI] = 0.9 : 0.1
A(C)= 0.4 [CIII]/[CII] = 0.5 : 0.5
A(O)= 0.23 [CI]/[CII] = 0
A(Si)= 0.1 [OII]/[OI] = 1 : 0
A(S)= 0.03 [SiII]/[SiI] = 1 : 0 = [SII]/[SI]

carbide clusters. Below, we discuss the stellar model and the
various chemical processes considered.

3.1. Stellar parameters

We consider for our model a ‘typical’, single WC9 star whose
parameters are listed in Table 1. The values are chosen to rep-
resent a class of stars which are persistent dust makers but we
do not try to reproduce any star in particular.

The value for the effective temperature was chosen in accord
with the stellar radiation fields and ionization ratios modelled
by van der Hucht et al. (1986, hereafter HCW). We also list the
parameters characterising the inner dust shells from the mod-
els of WHT. The local gas number density at the inner radius
is derived from the assumption of constant mass loss and that
the stellar wind has been fully accelerated before the dust form-
ing region. More recent non-LTE modelling of the WC9 star
WR104 by Crowther (1997) gives a higher effective tempera-
ture (Teff ∼ 45000 K) and a smaller stellar radius (R? = 3R�).
The luminosity, and therefore the inner edge of the dust shell (in
physical units) and the wind density there would be comparable
to those in Table 1 if WC104 was a single star heating the dust.

The chemical abundances in the wind listed in Table 2 are
from the evolutionary models of Prantzos et al. (1986, 1987)
and are comparable to the composition of WR104 determined
by Crowther (1997). The ionization fraction is that calculated
by HCW for the emission line forming region at∼ 2 R?. They
calculated that the ionization fraction should decrease by less
than 10% when reaching the radio photosphere but we ignore
this small drop and adopt the values of the line forming region
at large radii.

3.2. The chemical model

The chemistry involves 390 reactions listed in Appendix A and
53 chemical species listed in Table 3. We consider all types of
reactions possibly taking place in a plasma bathed in a strong
radiation field, i.e., neutral-neutral reactions, ion-molecule pro-
cesses, electronic and radiative recombinations, radiative asso-
ciation reactions, associative detachment reactions, and photo-
processes. The reaction rates were taken from the UMIST data
base (Millar et al. 1997) or derived from other sources. In par-
ticular, care was given to the temperature dependence of cer-
tain classes of reactions as the chemical rates are usually mea-
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Table 3. Chemical species considered to be present or to form in the
wind of a WC9 star.

He He+ C C+ C2+ C− O O+

O− Si Si+ S S+ S− C2 C+
2

C−
2 C3 C+

3 C−
3 C4 C+

4 C−
4 C5

C+
5 C−

5 C6 C+
6 C−

6 CO CO+ CO2

CO+
2 O2 O+

2 CS CS+ S2 S+
2 SO

SO+ SO2 SO+
2 OCS OCS+ SiO SiO+ SiS

SiS+ SiC SiC+ SiC2 SiC+
2

sured or calculated for low temperatures. For example, at the
high temperatures considered in our study, we have assigned
an inverse temperature dependence to the associative detach-
ment processes involving the small carbon clusters, following
Moruzzi et al. (1968). We have ignored at this stage of the model
the dissociation and ionisation of species induced by cosmic
rays. We also assume that there is no penetration of the UV in-
terstellar radiation field at the inner edge of the dust shell and
just consider the stellar radiation field as the dominant source
of all photo-processes.

We include bimolecular and termolecular processes and
consider that the chemical reactions proceed both in the for-
ward and backward directions. This is especially important for
the case of a high density wind. When no backward rate is doc-
umented, we estimate the rate from thermodynamical data as
described by Cherchneff et al. (1992) and Willacy & Cherchn-
eff (1998). This results in a backward rate

kb = ATnC∆νexp
{

∆GR − Eα

RT

}
(1)

whereA,n andEα are the Arrhenius parameters for the forward
reaction,C = N ×106/RT is the conversion factor from atmo-
sphere to cm−3 units,ν the stochiometric factor of the forward
reaction,N is the Avogadro number,R the perfect gas constant,
andT the gas temperature.∆GR is the Gibbs free energy for the
forward reaction at 1 atmosphere of total gas pressure and is cal-
culated from the Gibbs free energies of formation,∆Gf , of the
reactants and products. These data were taken from the JANAF
thermochemical data tables (Chase et al. 1985). For SiC2, we
used data derived by Willacy & Cherchneff (1998).

Silicon and sulphur are present in the wind of WC stars and
their abundances are not solar reflecting helium-core burning
nucleosynthesis. As the star is also carbon-rich, one would ex-
pect silicon carbide to form in the wind as it forms in carbon-rich
AGB objects. However, the 11.3µm emission band is not seen
in the near-IR spectral distribution of the star. In order to check if
chemistry is partially responsible for the lack of SiC, we inves-
tigate the formation of gas-phase, silicon- and sulphur-bearing
species which are potential intermediates in the nucleation and
condensation of silicon carbide clusters, and consider the same
types of reactions as for the carbon-oxygen gas. Many rates are
not documented for the reactions involving Si and S and we use
the isovalence of silicon with carbon, and sulphur with oxygen
to derive unknown chemical rates from documented data. This
approach has been used by Willacy & Cherchneff (1998) for

Table 4.References for documented photo-process cross-sections.

Processes Reference

He → He+ + e− Band et al. 1990
C → C+ + e− Cant̀u et al. 1981

Hofmann et al. 1983
C+ → C++ + e− Henry 1970
C2 → C + C Pouilly et al. 1983
C2 → C+

2 + e− Padial et al. 1985
CO → C + O Letzelter et al. 1987
CO → CO+ + e− Hudson 1971
CO2 → CO + O Hitchcock et al. 1980
CO2 → CO+

2 + e− Hudson 1971
Hitchcock et al. 1980

CO2 → CO+ + O + e− Hitchcock et al. 1980
CO2 → CO + O+ + e− Hitchcock et al. 1980
CO2 → C+ + O2 + e− Hitchcock et al. 1980
O → O+ + e− Taylor & Burke 1976
O2 → O + O Brion & Tan 1979
O2 → O+

2 + e− Brion & Tan 1979
Ogawa & Ogawa 1975
Clark & Wayne 1970

O2 → O + O+ + e− Brion & Tan 1979

modelling the chemistry of silicon and sulphur-bearing species
in the carbon-rich AGB star IRC+10216 and results in good
agreements between theoretical and observational molecular
abundances.

3.3. Photo-processes

The processes induced by absorption of radiation are photo-
dissociation, photo-ionisation and photo-fragmentation. We cal-
culated the rates for each type of photo-processes based on ex-
perimental cross-sections when available and have used the ra-
diation field calculated by HCW at the pseudo-photosphere of a
WC star with effective temperature Teff = 19000 K. The stel-
lar spectrum differs greatly from that of a 19000 K blackbody
because of the various edges due to ionisation of helium and
carbon. The first ionisation of carbon Ci at 1100Å provides
the dominant UV opacity in the wind and results in a drop of
almost two orders of magnitude in the radiation flux. Therefore,
the Ci edge enhances the chance of survival of most molecular
species against dissociation by UV radiation.

The stellar radiation field was fitted by several polynomials
of degree 4 as a function of wavelength from the far-UV to the
visible parts of the spectrum. References for the documented
cross-sections are listed in Table 4.

The cross-section data and the stellar radiation field were
subdivided in various wavelength bands and the rates for each
band were then calculated assuming a constant cross-section
over the band. The total rate is obtained as the sum of all the
rate contributions from all the spectral bands and is given by

kphoto = W

∫ +∞

0
σλ F (λ)

λ

h c
d λ (2)
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Table 5. Dominant formation (top line) and destruction (bottom line) processes in the chemical model.Formation – RA: radiative associa-
tion; AD: e− associative detachment; RXXX: reaction No. XXX in Appendix A; CE: charge exchange -Destruction – PP: photo-processes
(dissociation, ionisation); R: recombination; He+: He+ attack; C+: C+ attack; O: O attack; RXXX: reaction No. XXX in Appendix A

Gas number C2 Cn CO O2 CS SiO SiC SO Chain
density Ions

106 − 108 RA RA RA RA RA RA, CE RA RA RA
cm−3 PP, He+ PP, He+ PP, He+ PP, He+ PP PP, He+ PP, He+ PP PP, R

109 − 1010 RA RA, AD RA, AD RA RA, AD, CE R281 AD R305, AD RA
cm−3 He+ He+, PP He+ He+, C+ He+, PP C+, He+ C+, He+ PP, He+, C+ R

1011 − 1013 RA, AD RA, AD RA, AD RA, AD CE, R304 R281 AD R305 RA, CE
cm−3 O, He+ O, He+ He+ C+ O, He+ O, He+ C+ C+ R

= W
n∑

i=1

σi Fi(λ)
λ

h c
∆iλ, (3)

whereσi is the constant cross-section over bandi, Fi(λ) is the
fit to the radiation field over bandi, ∆i λ is the width for bandi
andW = 1

4 (R/r)2 is the dilution factor at large distances from
the star. The resulting rates are very large compared with the
usual rates encountered in circumstellar or interstellar models
because of the very strong radiation field and the fact that we
have ignored wind opacity at UV wavelengths (see Appendix
A).

Photo-fragmentation of molecular species is usually impor-
tant at energies of∼ 10 eV, i.e., for photons in the far-UV part
of the stellar spectrum and cross-sections have been measured
for many species. It involves the breaking in various ionic frag-
ments following photo-ionisation of the neutral species in ex-
cited states. However, as the stellar radiation field drops sharply
at wavelengths smaller than 1100Å, fragmentation is never
among the dominant photo-processes.

For a few molecules there are no available data on cross-
sections and we make use of the photo-rates from the UMIST
database (Millar et al. 1997) estimated for the interstellar radia-
tion field of Draine (1978). We then rescale the value to the WC
stellar radiation field, assuming a constant cross-section over
the entire wavelength range. This method was tested on a few
molecules for which experimental cross-sections were known,
and gave rates which were off by at most a factor five from
the initial values. Such discrepancy has no dramatic effect on
the calculation as photo-processes are the dominant destruction
channels in our model only for low gas number densities (see
Sect. 4).

We expect carbon monoxide to self-shield against photo-
dissociation by UV photons if formed but have not included a
treatment of CO self-shielding in the present calculations. Our
results on CO abundances can then be considered as lower limits.

4. Results

A system of coupled, stiff, first-order differential equations de-
scribing the chemistry has been solved between the inner radius
of the dust shell Rinner and Rinner+5R?, assuming the constant
gas temperature of Table 1 and the wind chemical composition
of Table 2. We assume that no molecules are initially present at

the inner radius of the dust shell. In order to test the chemistry
we vary the conditions at Rinner and study the effect on the nu-
cleation of dust precursors. We consider gas number densities
at the inner radius ranging from106 to 1013 cm−3, allow the
gas temperature to vary from 1000 to 6000 K and introduce an
arbitrary wind opacity in the UV (λ ≤ 1100Å) for a gas number
density of1010 cm−3.

The results after integration between Rinner and Rinner +5
R? and for various gas number densities atRinner are shown
in Figs. 2–4. A constant gas temperature of 4000K and no wind
opacity are assumed. It is clear from inspection of these figures
that the chemistry is highly dependent on the gas number den-
sity. At the low density given by the spherically symmetric wind
model (see Table 1), the dominant species in the gas are atomic
ions while as the gas number density increases, the recombina-
tion of ions takes place and the gas composition is governed by
neutral-phase chemistry, that is, the dominant species are neu-
tral atoms and molecules although electrons and some ions are
still present in relatively large amounts (for example, C+, O+

and He+).
We can identify three density regimes over which the dom-

inant formation and destruction processes vary: the low density
range (ngas = 106 − 108 cm−3), the intermediate density win-
dow (ngas = 109 − 1010 cm−3), and finally the high density
range (ngas = 1011 − 1013 cm−3). The processes at play for
these three density windows are summarized in Table 5 and we
discuss in turn results on carbon and silicon species below.

4.1. Carbon-bearing species

As illustrated in Fig. 3, small carbon chains are extremely sen-
sitive to the gas density as all the chain abundances vary by∼
20 orders of magnitude over the density range considered. This
variation is due to the shift in the chemistry as the gas density
increases from ionic to neutral, and the changes in formation
and destruction processes shown in Table 5.

At low gas densities, the dominant formation processes for
C2, the carbon chains and the dominant C-bearing molecular
species (CO, CS) are radiative association (RA) reactions, such
as

C + C −→ C2 + hν (4)
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Fig. 2. Abundances of atoms and their
ions as a function of gas number density
at the inner dust shell radius. The gas
temperature is that of Table 1.

Fig. 3.Molecular abundances as a func-
tion of gas number density at the inner
dust shell radius (The gas temperature is
that of Table 1) – Left: carbon chains –
Right: C and O-bearing species.

Destruction of the chains, CO and CS results from photo-
processes (dissociation and ionisation) at low densities while
He+ attack as

He+ + C2 −→ C + C+ + He (5)

starts to play a role as the density increases.
In the intermediate density range, a new type of formation

channel appears, that is, associative detachment (AD) reactions
such as

C + C− −→ C2 + e− (6)

where C− is formed from radiative recombination reactions.
However, radiative association reactions still represent the dom-
inant formation mechanism for the chains and the dominant
carbon-bearing species. Destruction is now essentially governed
by He+ attack and C+ attack such as

C+ + O2 −→ CO+ O+ (7)

while photo-processes become less important.
For still larger densities, formation occurs mainly via radia-

tive association reactions and to a less extent, associative de-
tachment processes. As for the destruction of molecules, a new
destructive channel becomes dominant and involves the attack
by atomic oxygen, i.e.,

O + C2 −→ C + CO (8)

while He+ and C+ attacks become less important. This result
illustrates the shift in the chemistry as the gas density increases
and the fact that ions recombine more efficiently at higher den-
sities. Once the neutral gas phase dominates, the destruction
processes for molecules and their ions arise from atomic oxygen
attack. Because we have ignored CO self-shielding in the treat-
ment of our photo-processes, more atomic oxygen not locked
up in CO is available in the flow, leading to more effective de-
struction of carbon chains.

Apart from C2, the final abunbances of small carbon clusters
and their ions are never large even at high gas number densities,
due to the fact that the formation processes involved are slow
radiative association and associative detachment reactions. Car-
bon monoxide is the dominant molecular species to form at high
densities, but unlike late-type, carbon stars, it does not lock up
the entire oxygen in this carbon-rich environment. The wind is
still rich in free He, C and O atoms and their ions, and the ob-
servational evidence for the absence of other types of dust, such
as oxides, is puzzling. We shall discuss this point in Sect. 5.

4.2. Silicon and sulphur species

Several silicon and sulphur-bearing species are considered, in
particular molecules involved in the process of SiC cluster con-
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Fig. 4. Molecular abundances as a func-
tion of gas number density at the inner
dust shell radius (The gas temperature is
that of Table 1) – Left: Silicon species –
Right: Sulphur species.

Fig. 5. Left: Molecular abundances
as a function of gas temperature at
the inner dust shell radius. The gas
number density is1010 cm−3 and
τUV = 0. Right: Molecular abun-
dances as a function of gas optical
depth at the inner dust shell radius.
T= 4000 K, n(gas)= 1010 cm−3.

densation. The formation and destruction processes for silicon
and sulphur species are summarised in Table 5 and are simi-
lar to those involved in the formation of carbon species, except
for a few specific reactions at play in the formation of CS, SiO
or SO. Results on chemical abundances are presented in Fig. 4
and indicate that the dominant species are CS, SiO, SO and
SiC and that the trend displayed by carbon-bearing molecules,
that is, increasing abundances with increasing gas number den-
sities, is also followed by these molecules. However, the final
abundances are quite low at large densities, especially for the
species which could act as intermediates in the nucleation of sil-
icon carbide (e.g., SiC2, SiC+

2 ). As previously mentioned, SiC
has not been observed at 11.3µm in the wind of WC stars, but
this can be understood in the light of the present results. Again,
the difficulty in building SiC dust molecular precursors may
reside in the slow chemical reactions governing the formation
mechanism.

4.3. Temperature and opacity variations

Variation of the gas temperature at the inner dust shell was also
considered for the various density regimes to check if the chem-
istry was very sensitive to temperature. Results are presented
in Fig. 5 for the intermediate density range and the dominant

chemical species in the wind. Apart from C2, CS and SO, the
atomic and molecular abundances do not show much variation
with temperature. This is mainly due to the fact that the de-
struction and formation processes for these species are similar
at low and high gas temperatures and that their chemical rates
do not depend strongly on temperature. The situation is differ-
ent for C2, CS and SO which show higher abundances at low
temperatures. For C2, the destruction processes remain the same
over the temperature range considered, but an extra formation
channel (associative detachment) adds up to radiative associ-
ation reactions at low temperatures and increases the total net
formation rate. For CS and SO, the formation processes are very
different at high and low temperatures. At high temperatures,
RA reactions dominate while neutral-neutral reactions are more
important at low T. As the latter channels are usually character-
ized by faster chemical rates than RA processes, this results in
a greater net formation rate at low temperatures. These results
hold at lower and higher gas densities than1010 cm−3 and im-
ply that the chemistry of dust precursors is quite temperature
independent.

Results induced by considering an arbitrary wind opacity
in the UV are also presented in Fig. 5. All molecular species
show increasing abundances with increasing wind opacity and
this is understood quite simply by the fact that the He+ abun-
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dance drops of two orders of magnitude as the opacity becomes
larger. In the intermediate density region, the main destruction
processes are He+ and C+ attacks (see Table 5) and photo-
processes, and a higher wind opacity results in less ionisation
of helium and carbon and lower photo-rates. Therefore, molec-
ular destruction is hindered by the opacity of the wind.

5. Discussion

Previous studies of dust formation in WC stars (Zubko 1998)
have considered the growth of grains via collisions of charged
particles with carbon ions but did not tackle the nucleation of
grains from the gas phase. As winds of Wolf-Rayet stars are far
from equilibrium, the investigation of dust formation requires
a non-equilibrium approach using a specific chemical reaction
scheme. The present study based on a chemical kinetic descrip-
tion shows that dust precursors and molecular species form in
significant amounts for high gas densityonly. There has long
been observational evidence for inhomogeneities in the wind
of WR stars. Clumps have been proposed to explain the tran-
sient narrow emission features appearing in the optical emission
spectra of these stars (Moffat et al. 1988; Brown et al. 1995).
Furthermore, theoretical models aiming at explaining the radia-
tive acceleration of the wind above the stellar surface predict the
formation of strong shocks which would trigger the formation
of high density regions in the acceleration zone (Owocki et al.
1988). These clumps would then be momentum-coupled to the
wind and travel with the terminal outflow velocity. Brown et al.
proposed an average gas density enhancement in the clumps of
a few hundreds compared to the homogeneous wind in the line
forming region, that is, a region much closer to the star than
the inner dust shell radius considered in the present study. The
eclipse phenomena observed by Veen et al. (1998) and Crowther
(1997) occur also quite close to the stellar surface and prove that
dust formation in WC9 stars does occur in clumps. Notwith-
standing the fact that the location of these observed clumps
imply harsher conditions for grain formation than those consid-
ered in this study, we consider that clumps in WC9 stellar winds
can play a significant role in the formation of their dust shells.

Another source of density enhancement which might help
molecule formation and dust condensation is the “wind-
compressed zone” (WCZ), resulting from the transfer of matter
to the equatorial plane from high latitude regions due to the
star’s rotation and wind (Cassinelli 1995; Ignace et al. 1996).
The equatorial to “uniform wind” density contrast depends on
the relative rotational and wind velocities and is of the order of
a few. However the higher opacity in the WCZ allows dust for-
mation to occur closer to the star, raising the density advantage
to about an order of magnitude over the uniform wind case, and
spectropolarimetry provides evidence for such flattened winds
around some WR stars (Schulte-Ladbeck et al. 1991).

Finally, one type of structure in the stellar wind which could
provide the density enhancements required for dust formation
is the compressed material formed in colliding wind binaries.
Compression of the wind by a factor of∼ 103 can occur within
the shock if the wind cools sufficiently by radiation (Usov 1991).

Most of episodic dust makers appear to be members of binary
systems (Williams 1998) and one of them, the WC7 + O4-5
system WR140, has had an orbit determined. The orbit is very
eccentric and this star makes dust for a few months only during
each periastron passage. Since the WR and O star winds in
WR140 collide and compress wind material all the time, the
episodic dust formation is attributed to the greater pre-shock
density (∼ 100 times that during most of the orbit) at this phase,
when the wind-collision region has moved closer to the WC7
star (Williams 1998).

The chemistry describing the formation of small carbon lin-
ear clusters appears to be quite independent of temperature,
which implies that molecules could form closer to the star as
long as they are shielded from the stellar radiation field. A closer
location would also result in higher gas densities and perhaps
lower ionisation fraction if high opacities are provided either by
clumps or WCZs.

Under the wind conditions considered in this study, our
chemical scheme cannot account for the formation of large
amounts of carbon clusters. C2 is the only carbon chain which
forms quite efficiently at high densities, while the abundance
of C6 remains always very low. The chemical model is robust
enough because we have included all possible reaction channels
at play in a hydrogen-deficient gas. However, it is important to
bear in mind that many of the chemical reaction rates used in the
chemical scheme have been theoretically predicted or measured
for the low gas temperatures encountered in the laboratory or
the interstellar medium. High temperatures may generate higher
chemical rates and rate predictions at elevated temperatures are
therefore badly needed. It is also possible that metals such as
iron or aluminum could act as catalysts in the building-up of
carbon clusters as it is known to happen with hydrocarbons and
aromatic molecules (Chaudret et al. 1991) and this point should
be investigated in more details.

If carbon clusters are difficult to nucleate, the situation for
silicon carbide looks even more drastic. Although the formation
of SiC2 and SiC+2 species increases at larger gas density, wind
opacity and lower gas temperature, it seems difficult to form
large amounts of silicon bearing species. Again, this is mainly
due to the fact that the formation processes for these molecules
are the slow radiative association and associative detachment
reactions. The situation is quite different in the wind of carbon-
rich, AGB stars where AC and SiC solids are observed to form
on a continuous basis and are responsible for the large mass
loss rates of these objects. The inner wind where the dust forms
is hydrogen-rich and characterised by high gas densities and
cooler temperatures than in WC winds. A wealth of hydrogen-
bearing molecules, in particular acetylene (C2H2), is already
present in the stellar photosphere at thermal equilibrium and due
to the ubiquity of hydrogen in the wind, hydrocarbon radicals
form and react with other neutral species. These neutral-neutral
reactions are characterised by much higher reaction rates than
those of the processes active in WC stars and trigger the efficient
nucleation of carbon dust (Cherchneff et al. 1992).

Another surprising fact is the non-detection of other possible
condensates in WC wind. If higher gas densities are considered
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(for example, the intermediate density regime), inspection of
Fig. 2 shows that there is still a large amount of atomic oxygen
in the outflow. Furthermore, certain elements like silicon, mag-
nesium and aluminum are present in the stellar wind with rela-
tively large abundances. Therefore, some solid oxides as SiOx or
MgOx, alumina (Al2O3) and silicates, which typically form in
oxygen-rich AGB stars, could theoretically form because of the
wind chemical composition. However, the difficulty in forming
oxygen-bearing dust may be again a consequence of the lack
of hydrogen. In AGB winds for example, the formation of dust
precursor molecules such as SiO or SiO2 involves reactions with
atomic silicon and the hydroxyl radical, OH.

We conclude that dust formation in single WC9 stars must
take place under physical conditions very different from the
“very favourable” wind parameters considered in this study as
the chemistry leading to grain nucleation and condensation can
only occur via slow chemical processes. Indeed, with new evi-
dence for higher effective temperatures and stronger radiation
fields characterising late WC stars, it seems that very large den-
sities and opacities are required for molecule and dust forma-
tion. These densities and opacities could be found in the clumps
forming close to the stellar surface and future studies on dust
in WC9 stars will include a chemical kinetic treatment of dust
formation in clumps close to the stellar surface with treatment
of the ionisation fraction, temperature and opacity for inho-
mogeneities bathed in a strong radiation field. Finally, the pre-
diction that large amounts of carbon monoxide form in these
hydrogen-poor, high density regions is not too surprising as CO
has been detected in other hydrogen-poor environments such as
the ejecta of type II supernova (Meikle et al. 1989). Therefore,
the present results call for the observational detection of carbon
monoxide in the winds of late, carbon-rich Wolf-Rayet stars.
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