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Abstract. S stars are transition objects at the top of the AGB between M-and C-stars. The third dredge-up in
thermally pulsating AGB-stars transports freshly synthesised carbon from the He burning zone into the stellar
atmosphere. If the carbon and oxygen abundance are about equal the star is classified as being of spectral
type S. Stars at the top of the AGB are subject to large mass-loss caused by a strong stellar wind. At some
distance from the star the temperature of the gas drops below the condensation temperature of some mineral
compounds and soot. This results in optically thick dust shells which are sources of an intense IR-radiation
from warm dust. The composition of the dust formed in the stellar outflow critically depends on the C/O-ratio.
For the standard element mixture characteristic for main sequence stars one has C/O < 1 (M-stars) and the
O not bound in CO forms a mineral assemblage which is dominated by Mg-Fe-silicates and metallic Fe. For
C/O > 1 (C-stars) the dust mixture is dominated by solid carbon and some SiC. The element mixture of S stars
is characterised by the non-availability of sufficient quantities of O or C to form the standard condensates. We have
investigated the condensation processes for the peculiar element mixture at the M-S-C transition on the AGB.
From thermodynamic equilibrium calculations we find that the most likely solids to be formed are solid FeSi,
metallic iron and small quantities of forsterite and SiC. Nucleation of dust may be triggered by TiC, ZrC or TiO2.
For these substances, non-equilibrium dust condensation in the outflow is calculated for a simple stationary wind
model for a sample of C/O-ratios. The results of our calculation show that iron and FeSi dust condensates in the
circumstellar shells of S stars.
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1. Introduction

All medium mass stars with inital main sequence masses
2 <∼M∗<∼ 8 M� evolve at the end of their life towards the
asymptotic giant branch (AGB) where they become cool
luminous giant stars (e.g. Iben 1991). At this stage of their
evolution they enter the region of massive mass-loss in the
HR-diagram (cf. Fig. 5 of de Jager et al. 1988) where cool
stars with heavy mass-loss develop a dense circumstellar
dust shell which is easely detected by its infrared emission
from hot dust.

This dust is a mixture of different fine grained minerals
which condense in the cooling outflow from the gas phase.
The composition of the condensates critically depends on
the element composition of the stellar surface, as can be
seen, for instance, from the condensation sequences cal-
culated by Lattimer et al. (1978). Corresponding to the
three completely different spectral appearances of cool
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stars on which their classification as being of spectral
type M, S, or C is based on, three substantially differ-
ent chemical compositions of the stellar surfaces are ob-
served. The basic property responsible for the differences
in the spectra of M, S, or C stars is the abundance ra-
tio of oxygen to carbon, as has been recognised by Fujita
(cf. Warner 1968). M stars are characterised by an ex-
cess of oxygen over carbon which enables the formation of
oxygen bearing compounds like TiO molecules in the stel-
lar atmosphere and the condensation of Mg-Fe-silicates,
Ca-Al-compounds, and other minerals in the outflow (e.g.
Grossman 1972). C stars are characterised by an excess
of carbon over oxygen which enables the formation of C2,
CN and other carbon bearing molecular compounds in
the stellar atmosphere and the condensation of soot, car-
bides, sulfides and nitrides in the outflow (e.g. Lattimer
et al. 1978). S stars have approximately equal abundances
of oxygen and carbon and are different in their chem-
ical properties from both their oxygen and carbon rich
relatives.
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In this paper we study the dust formation process
in S stars when during stellar evolution upwards on the
AGB the carbon abundance increases stepwise by third
“dredge up” episodes and the star passes through the
stage of an S star. From chemical equilibrium calculations
we determine the possible condensates for a range of car-
bon to oxygen ratios at the transition from oxygen- to
carbon rich element mixtures and determine which mate-
rials may be formed as major and minor dust species, and
which condensates may act as seed particles for the more
abundant dust species.

This information is used to calculate the condensation
of a multi-component dust mixture in a stellar outflow by
solving the corresponding set of kinetic equations for dust
formation simultaneously with the equations for a stellar
wind. As model for a stellar outflow we choose the rather
simplistic model of a stationary wind since time dependent
wind models considering the pulsation of the underlying
star presently cannot be combined with modelling of the
formation of multicomponent dust mixtures.

This paper extends the previous studies on dust forma-
tion in M stars (Gail & Sedlmayer 1999, henceforth called
Paper I) and on the compositional dependence of the min-
eral mixture in M stars on the Mg/Si abundance ratio
(Ferrarotti & Gail 2001, henceforth called Paper II), to
AGB stars in the transition state between M and C stars.

The plan of this paper is as follows: in Sect. 2 we
review briefly some properties of S stars, in Sect. 3 we
discuss the chemical composition of the gas phase at the
M-S-C transition, in Sect. 4 we discuss the variation of
the chemical equilibrium composition of simple gas-solid
mixtures with varying carbon to oxygen abundance ratios
at the M-S-C transition, in Sect. 5 we give some comments
on the nucleation process, and in Sect. 6 we discuss the
set of equations for calculating dust formation under non-
equilibrium conditions. Section 7 presents the results of
model calculations for dust formation in stationary out-
flows and Sect. 8 gives some concluding remarks.

2. Physical properties of S stars

In this paper we consider the formation of dust in the cir-
cumstellar shells of intrinsic S-stars, which are presently
in the “third dredge-up” phase on the AGB.

2.1. Stellar evolution and the M-S-C transition

Stars with initial masses in the range 2 <∼M∗<∼ 8M� on
the main sequence finally arrive on the AGB where they
become efficient dust factories. Initially their element mix-
ture is close to the standard element mixture which they
inherited from their parent molecular cloud at time and
position of their birth within the galaxy. Some minor
changes occur during the first and second “dredge-up”
episodes on the RGB and early AGB during which the
abundance of He slightly and that of N considerably in-
creases while the C abundance slightly decreases (e.g.
Boothroyd & Sackman 1999). These abundance changes

do not significantly affect abundances of those elements
which are of potential interest for dust condensation.

As the stars enter the thermally pulsing upper part
of the AGB, after a few pulses the surface abundances of
some elements start to change by the third “dredge-up”
episode due to mixing of products of H and He burning
into the convective envelope. The most important event is
the stepwise increase of the carbon abundance, following
each thermal pulse in the core region, from a C/O abun-
dance ratio of about 0.4 to C/O > 1, after which the
star becomes a carbon star (e.g. Groenewegen et al. 1995;
Lattanzio & Forestini 1999; Busso et al. 1999). If the
C/O abundance ratio is close to unity, the star appears
as of spectral type S (Scalo & Ross 1976). For low initial
masses of the star (M∗<∼ 2 M�), the C/O ratio increases
in a few and rather big steps from C/O < 1 to C/O > 1
and the intermediate state of C/O ≈ 1 of an S star prob-
ably is skipped in most cases (Groenewegen et al. 1995).
Stars with higher initial masses experience a bigger num-
ber of thermal pulses with smaller individual increases of
the C/O abundance ratio following each pulse. These stars
are likely to become S stars for a certain period of time
until they develop into C stars.

The third “dredge-up” also changes the abundances of
some other elements. The abundance of He and N some-
what increases, but this has no consequences for the dust
formation problem. At the same time the abundances of
s-process elements beyond the iron peak strongly increase
by factors of 10 . . .100, but generally the abundances of
such elements are too low for being of importance for the
dust formation problem, except perhaps for Mo and Zr,
which may be important for the formation of seed nu-
clei for dust growth (Bernatowicz et al. 1996). The abun-
dances of the less heavier elements from Mg to Fe are
not significantly affected by burning processes during the
AGB stage, only some less abundant isotopes show signif-
icant abundance changes. The most important refractory
elements from Mg to Fe essentially retain their main se-
quence abundances.

Intermediate mass stars with initial masses between
4 . . . 5 M� and 8 M� most likely experience hot “bottom
burning”. These stars do not become carbon stars (cf.
Lattanzio & Forestini 1999) and probably they also do
not become real S stars. They develop a strong N over-
abundance which, however, is of no importance for the
dust formation problem.

2.2. Element abundances

The special element abundances characteristic for S-stars,
thus, develop during the evolution of stars with initial
masses between about 2M� and about 4M�. The rather
short life time of such stars of at most≈2×109 years means
that galactic stars presently observed to be in the S star
stage of their evolution have pop I metallicities. Estimated
average abundances of some elements for pop I metallic-
ity at the time of onset of significant dust production are



258 A. S. Ferrarotti and H.-P. Gail: Mineral formation in stellar winds. III.

Table 1. Elemental abundances for the solar system (Anders
& Grevesse 1989; Grevesse & Noels 1993) and adopted abun-
dances for stars on the asymptotic giant branch.

El. εsolar system εAGB

M M S C

He 9.75 × 10−2 1.04× 10−1 1.04× 10−1 1.04 × 10−1

C 3.55 × 10−4 2.33× 10−4 6.87× 10−4 8.24 × 10−4

N 9.33 × 10−5 2.52× 10−4 2.52× 10−4 2.52 × 10−4

O 7.41 × 10−4 6.87× 10−4 6.87× 10−4 6.87 × 10−4

Mg 3.85 × 10−5 3.85× 10−5 3.85× 10−5 3.85 × 10−5

Si 3.58 × 10−5 3.58× 10−5 3.58× 10−5 3.58 × 10−5

S 1.85 × 10−5 1.85× 10−5 1.85× 10−5 1.85 × 10−5

Ti 8.60 × 10−8 8.60× 10−8 8.60× 10−8 8.60 × 10−8

Fe 3.24 × 10−5 3.24× 10−5 3.24× 10−5 3.24 × 10−5

Zr 4.09 × 10−10 4.09 × 10−10 4.09× 10−9 8.00 × 10−9

shown in Table 1 in the second column. Columns 3 and 4
show estimated abundances for S and C stars, respectively.
Column 1 shows “solar system” abundances for compari-
son.

These abundances on the early AGB are estimated as
follows: For He, C, N, and O we scaled the standard cosmic
abundances as given by Anders & Grevesse (1989) and
Grevesse & Noels (1993) according to the change in stellar
surface abundances found in the evolutionary calculations
of Schaller et al. (1992) for stars of small and intermediate
masses. The results agree with observationally determined
mean abundances in AGB stars (Smith & Lambert 1990).
For the more heavier elements from Na up to the iron peak
burning temperatures in intermediate mass AGB stars are
too low in order to change the abundance of the major
isotopes of such elements. We can use for these elements
their main sequence abundances.

The abundances of Mg and Si given in Table 1 for M, S,
and C stars are those given by Anders & Grevesse (1989)
for the solar system. They are not really representative
for average cosmic abundances, where the Mg/Si abun-
dance ratio is somewhat higher (cf. Edwardsson et al.
1993; Snow & Witt 1996). The dependence of the com-
position of the mineral mixture formed in circumstellar
shells on the Mg/Si ratio is discussed in Ferrarotti & Gail
(2001). In order to keep the number of parameters in our
present discussion low, we restrict all calculations to Solar
System abundances for the elements from Mg to Fe (cf.
Table 1).

The chemistry to be considered for dust formation dur-
ing the AGB stage of evolution of intermediate mass stars
at the M-S-C transition essentially reduces to the problem
of studying the condensation problem for an element mix-
ture of the type defined by the second mixture in Table 1,
but with increasing C abundance up to C/O ratios slightly
exceeding unity, keeping fixed the abundances of all the
other elements.

2.3. Oberved dust properties

Circumstellar dust shells are observed to exist for intrin-
sic S stars only. Extrinsic S stars show no indications for
the presence of a circumstellar dust shell (Jorissen et al.
1993), in accord with the current understanding that only
intrinsic S stars are on the AGB.

For S stars Chen & Kwok (1993) have collected IRAS
LRS spectra, which show that these stars either show a
featureless dust continuum or weak silicate emission fea-
tures. A few stars show a weak SiC emission feature. The
objects in their list showing strong silicate emission have
been shown by Lloyd Evans & Little-Marenin (1999) to
be misclassified M stars in nearly all cases. The stars with
medium and weak silicate emission (group E in Chen &
Kwok 1993) and with a featureless continuum (group F) in
those cases, where the presence or absence of Tc is known,
generally show Tc and, thus, are AGB stars. From the rel-
atively large number of objects in Chen & Kwok (1993)
with seemingly pure stellar continuum emission without
detectable dust emission (their group S) a considerable
fraction, but not all of them, are extrinsic S stars.

Thus, the main characteristic of the infrared emission
from circumstellar dust around S stars, if detectable, is a
featureless continuum emission with partially superposed
weak emission bands from silicate dust or, in a few cases,
from SiC dust. This featureless continuum resembles much
the dust emission properties of C stars, as has been noted
by Jura (1988).

2.4. Mass-loss rates and outflow velocities

Mass-loss rates of S stars have been derived from observed
microwave lines of CO by Jorissen & Knapp (1998) and
Groenewegen & de Jong (1998). For intrinsic S stars, ob-
served mass-loss rates range from 10−7 to 10−5 M� yr−1.
Terminal velocities of stellar winds also are determined
from observations of CO lines. Groenewegen & de Jong
(1998) and Jorissen & Knapp (1998) present compilations
of known data and some new determinations. Observed
outflow velocities of intrinsic S stars are almost evenly
distributed in the range from 5 to 20 km s−1.

2.5. Stellar parameters

Kerschbaum (1999) and Kerschbaum & Hron (1996) have
modeled with some success the global shape of the spec-
tral energy distribution of stars with circumstellar dust
shells with two black-body energy distributions, one for
the central star and a second one for the shell. The de-
rived equivalent black body temperatures of the stars is
for S stars of the order of 2500 K. This is consistent with
results for temperatures determined by van Belle et al.
(1997). In our model calculations we approximate the stel-
lar radiation field by a 2500 K black body.

Stellar luminosities for galactic S stars based on
Hipparcos parallaxes have been derived for a number of
stars by Van Eck et al. (1998). They find that for most
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stars 5×103<∼L∗<∼ 1×104 L�. This agrees with the find-
ings of van Belle et al. (1997) and with the HR-diagram
position of Magellanic cloud S stars (Lloyd Evans 1984).
In our model calculations we use the canonical value of
L∗ = 104 L� generally used in theoretical model calcu-
lations for circumstellar dust shells. This is within the
observed range for real stars, thought at its upper limit.
Lower luminisities would result in somewhat lower degrees
of condensation and lower expansion velocities.

3. Chemical equilibrium composition of the gas
phase

Dust in a circumstellar outflow is formed from the atomic
and molecular species of the gas phase. The chemical com-
position of the gas determines the kind of particles which
are available for the dust formation process and the chem-
ical reactions which are possible for dust formation. Any
discussion of dust formation naturally has to begin with
the chemistry of the gas phase. This is already one of
the basic difficulties one encounters in this context: the
structure of the outer layers of late tape giants is rather
complex because these stars are located in a region of
the Hertzsprung–Russel diagram where the AGB crosses
the instability strip (e.g. Wood 1990a, 1990b; Gautschy
& Saio 1995; Xiong et al. 1998). The stellar photosphere
and the adjacent outflow region therefore are regularly
traversed by running shock waves (cf. Willson 2000) ex-
cited by the stellar pulsation which dissociate molecules
and ionise atoms by the sudden temperature rise behind
the shock. Subsequent cooling leads to recombination to
neutral atoms and re-formation of molecules. This makes
the determination of the chemical composition in the re-
gion between the stellar photosphere and the dust forming
layer several stellar radii outside of the star an extremely
difficult task, which has not adequately be solved up to
now. Not to mention additional problems resulting from
the possible existence of chromospheres in part of these
stars which may be sources of an UV emission which possi-
bly drives a strong non-equilibrium chemistry (Beck et al.
1992).

There have been some attempts to model the chem-
istry in the stellar outflow by means of reaction kinetics
(cf. Glassgold 1996, and references therein), but due to
the vast uncertainties of such models it is by no means
sure that presently such calculations yield results which
are more realistic than chemical equilibrium calculations.
For this reason one often takes recourse chemical equilib-
rium calculations assuming that the true composition of
the gas, at least with respect to the abundant molecules,
is not very different from a chemical equilibrium composi-
tion. This hypothesis is based on the observation, that at
elevated temperatures above T >∼ 1000 K only very simple
molecules (containing at most a few atoms) with a partic-
ular high bond energy are formed in chemical equilibrium.
These molecules should in any case be the most abundant
ones, even in a non-equilibrium state. The only difference
would be that the relative abundances of such molecules

Table 2. Molecules considered in the chemical equilibrium cal-
culation.

Element Molecules

H H, H2

C C, CH4, C2, C2H, C2H2

O O, OH, H2O, CO, CO2

N N, N2, CN, HCN, NH3, AlN

Si Si, SiO, SiC, SiC2, Si2C, Si2C2, SiS, SiH

S S, CS, HS, H2S, AlS, FeS, CaS

Al Al, AlO, AlOH, Al2O, AlH, AlCl

Mg Mg, MgO, MgH, MgS

Fe Fe, FeO, Fe(OH)2, FeH, AlFe,FeSi

Ca Ca, CaOH, Ca(OH)2, CaF, CaF2

Na Na, NaH, NaCl

Cr Cr, CrH, CrO, CrO2, CrO3

Mn Mn, MnO, MnH, MnS

K K, KO, KH, KOH

Ti Ti, TiO, TiO2, TiC2, TiC4, TiS

V V, VO, VO2

Zr Zr, ZrO, ZrC2, ZrC4, ZrCl, ZrS, ZrN

Cl Cl, HCl, CaCl, CaCl2, TiCl, TiOCl

F F, HF, TiF, TiF2, AlOF

predicted by chemical equilibrium would be slightly in
error. The abundances of minor components, however,
could be very different in non-equilibrium as compared
to equilibrium calculations and if some important reac-
tion involved in the dust formation process depends on
such minor species this would invalidate the equilibrium
assumption.

If the chemistry in the outflow is dominated by ion-
molecule reactions, the chemistry would be completely dif-
ferent from equilibrium chemistry, but it seems unlikely
that ion-molecule chemistry is dominating in the warm
and rather dense region between the star and the dust
forming layer.

In the following we neglect all the problems resulting
from a possible non-equilibrium chemistry of the gas phase
and calculate the chemical equilibrium composition of a
solid-gas mixture at the M-S-C transition. The purpose
is to determine the most abundant molecules in the gas
phase available for the condensation process and the most
stable solid compounds which are the likely candidates for
condensation in the stellar wind. The results then will be
used as input information in our non-equilibrium model
calculation of dust condensation in the cooling flow.

3.1. Calculation of chemical equilibria

The chemical composition of the solid gas mixture in a
circumstellar shell is calculated from two sets of equa-
tions: (i) the set of laws of mass action for the individual
compounds, and (ii) the constraints set by the element
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abundances. The principles of this calculation are de-
scribed in Paper II.

Polynomial approximations for calculating the re-
quired changes of free enthalpy ∆G for the formation of
the molecules and solids from free atoms are taken from
Sharp & Huebner (1990). For some molecules and solids
not contained in that list polynomial approximations of
the type used by Sharp & Huebner have been calculated
from data taken from the JANAF tables (Chase et al.
1985) or Barin (1992). An error in the JANAF data for
HS detected by Ebel & Grossman (2000) has been cor-
rected. Results for some Fe-Si-compounds are given in ap-
pendix B. The set of molecules considered in our calcula-
tion of the gas-phase composition is listed in Table 2.

3.2. Molecular composition of the gas phase

First we determine the composition of the gas phase at
the M-S-C transition in order to determine the abundant
molecular species which can be responsible for the for-
mation and growth of dust under non-equilibrium condi-
tions. This calculation considers the 19 most abundant el-
ements and their approximately 100 most stable molecular
compounds. Solids are not included for the moment. The
molecular composition of a gas with this element mixture
is calculated for a pressure of P = 10−4 dyn cm−2 and for
the temperature region between 600 ≤ T ≤ 1600K. This
pressure P and this temperature interval T are represen-
tative for the conditions under which condensation can be
expected to occur in the wind of Red Giant stars.

Figure 1 shows the variation of molecular abun-
dances for some important molecules with increasing car-
bon/oxygen abundance ratio in the transition region be-
tween M and C stars for T = 1000, 1200 and 1600 K and a
pressure of P = 10−4 dyn cm−2. The figure shows that at
low temperatures (top and middle picture) there occurs a
dramatic change in the gas phase composition at a critical
carbon abundance of

εC,crit = εO − εSi + εS . (1)

For the element abundances given in Table 1 this corre-
sponds to

εC,crit

εO
= 0.975 . (2)

At this particular carbon/oxygen abundance ratio, the el-
ements C, O, Si, and S are completely bound in the three
molecules CO, SiO, and SiS. No other compounds of these
elements exist with significant abundance for a carbon
abundance close to εC = εC,crit. The complete mutual fix-
ing of C, O, Si, and S at this special value of εC results
from the extraordinary high bond energies of the three
molecules (CO: 1076.5, SiO: 799.6, SiS: 623 kJ mol−1).
Only the N2 molecule (not shown in the figure) has a
comparably high bond energy (945.3 kJ mol−1), which re-
sults in (nearly complete) complete fixing of nitrogen in
this molecule.

Fig. 1. Variation of some molecular abundances of interest for
the dust formation problem with increasing C/O–ratio for con-
ditions typical for the condensation zone in circumstellar dust
shells: T = 1000 K (top), T = 1200 K (middle), and T = 1600 K
(bottom), P = 10−4 dyn cm−2.
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Fig. 2. Variation of some molecular abundances with varying
C/O abundance ratio for the stellar photosphere: T = 2500 K,
P = 102 dyn cm−2).

If the carbon abundance is less than the critical abun-
dance εC,crit then part of the oxygen is available for
forming oxygen bearing molecules while in the opposite
case some carbon is left over which forms carbon bearing
molecules. Hence, with increasing |εC − εC,crit| the molec-
ular composition approaches the standard compositions
of M or C stars.

For temperatures around ≈1600 K this change of the
molecular composition of the gas phase in the transition
region between M and C stars does not occur at εC =
εC,crit but at the somewhat lower carbon abundance of
εC = εO− εSi (=0.948εO for the element abundances given
in Table 1), as can be seen in the bottom picture of Fig. 1.
The reason for this is the slightly lower bond energy of SiS
as compared to CO and SiO. The SiS molecule disappears
above T ≈ 1600 K and then all the Si is bound in SiO up
to the temperature where SiO disappears.

Within the stellar photosphere the temperature and
pressure are much higher than in the dust shell. The varia-
tion of abundance of some important molecules with vary-
ing carbon to oxygen ratio for this case is shown for com-
parison in Fig. 2 for T = 2500 K and P = 102 dyn cm−2.
This closely corresponds to the results shown by Scalo
(1974). The transition between the oxygen dominated and
carbon dominated chemistry occurs at εC ≈ εO− εSi. The
change in the chemical composition is much softer in the
stellar atmosphere than in the circumstellar condensation
zone and extends to a higher carbon to oxygen ratio than
in the dust forming layer.

In particular with increasing C/O ratio the last oxygen
bearing molecules disappear and the first carbon bear-
ing molecules appear in the stellar atmosphere within
a narrow interval (0.99 . . .1.01) of the C/O abundance
ratio around εC = εO. This holds especially for the

diagnostically important ZrO, C2, and CN molecules
(Scalo & Ross 1976). This is the region of C/O ratios
where stars would be classified as being of spectral type
SC. In the interval of C/O abundances from ≈0.95 to
≈0.99 the star would be classified as being of spectral
type S because of the dominance of ZrO over TiO (Scalo
& Ross 1976). For the S stars, there obviously exists a re-
gion of C/O ratios εC,crit<∼ εC<∼ εO where the atmospheric
composition of the star is only moderately depleted from
O bearing molecules and carbon bearing molecules are
absent, while the chemistry in the dust forming layer (if
equilibrium chemistry can be applied to this region) is def-
initely of carbon-rich nature as for stars with the spectral
characteristics of carbon stars.

4. Chemical equilibrium condensation

We start our discussion of dust condensation in the out-
flow from S stars with a discussion of chemical equilib-
rium condensation for the mixture of elements defined
in Table 1. This mixture is different from the carbon or
oxygen rich element mixtures for which solid-gas phase
equilibria have been discussed so far in astrophysical con-
texts: Grossman (1972), Lattimer et al. (1978), Saxena
& Ericksson (1986), Sharp & Huebner (1990), Lodders
& Fegley (1995), Sharp & Wasserburg (1995), just to
mention a few of the many papers on this subject. For
an extended (though not complete) list of references to
equilibrium studies see Lodders & Fegley (1997, 1999).
The dust formation process in stellar winds is a process
which clearly operates under conditions which are quite far
from thermal equilibrium conditions. One cannot expect
that exactly the mixture of solids predicted by equilib-
rium chemistry condenses in such an environment. Also,
true condensation temperatures in the outflow may be
quite different from condensation temperatures in chemi-
cal equilibrium. Nevertheless it is very instructive to de-
termine the possible condensates and their stability lim-
its from such considerations since this helps to single out
from the vast number of possibilities the few solid com-
pounds which are the most likely ones to condense because
of their stability up to very high temperatures in the given
environment.

Equilibrium calculations and observation show that
silicate compounds form the most abundant dust com-
ponents in the shells of oxygen rich stars and carbon
compounds the most abundant compounds in carbon rich
stars. Some impression how the nature of the condensates
changes at the transition from M to C stars may be ob-
tained from Gilman (1969) and Lodders & Fegley (1995).
We consider now in some detail the stability limits and
equilibrium abundances of the important dust species in
the transition regime between M and C stars where the
carbon to oxygen abundance ratio changes from C/O < 1
to C/O > 1.

In the calculations described below we examine the
possible condensation of 90 solids for a state with con-
stant pressure P = 10−4 dyn cm−2 in the temperature
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Fig. 3. Equilibrium condensation of forsterite (full line) and
enstatite (dashed line) at P = 10−4 dyn cm−2 for varying C/O–
ratios. The numbers at the lines denote the degree of conden-
sation f of Si in the solids. Below the stability limit of enstatite
both enstatite and forsterite coexist in chemical equilibrium.
For clarity only the equi-abundance lines of enstatite are shown
in the region of coexistence of forsterite and enstatite. The dot-
ted line shows the condensation limit of solid iron.

region between 600 ≤ T ≤ 1600 K. They are selected
from the JANAF tables (Chase et al. 1985), Barin (1992),
and Kubaschewski & Alcock (1983), according to high
abundances of the elements from which they are formed
and a high vapourisation or sublimation temperature.
The molecules considered in the calculation are listed in
Table 2.

4.1. Condensation of silicates in the regime εC < εC ,crit

In an oxygen rich environment, corresponding to car-
bon abundances less than the critical carbon abun-
dance εC,crit defined by (1), olivine with composition
Mg2xFe2(1−x)SiO4 (0 ≤ x ≤ 1), pyroxene with compo-
sition MgxFe1−xSiO3 (0 < x ≤ 1) and metallic iron are
the most stable compounds involving only the most abun-
dant refractory elements. Radiation from warm dust of
this kind dominates the infrared emission from the dust
shells around M stars. Calculation of the composition of
heterogeneous equilibria show that they remain the most
stable compounds formed from the abundant elements C,
N, O, Mg, Si, S, Fe up to the limit εC,crit, but with some
important changes with respect to the degree of condensa-
tion. We consider now the details in the transition region.

In chemical equilibrium the silicates are nearly iron
free (cf. Saxena & Ericksson 1986), except at low tem-
peratures T <∼ 500 K where chemical equilibrium does not
hold in a circumstellar shell. For simplicity we have con-
sidered in our calculations only the iron free compounds
forsterite (Mg2SiO4) and enstatite (MgSiO3). In M stars,

forsterite condenses at a slightly higher temperature than
enstatite (cf. Gail & Sedlmayr 1999). This remains true
also in the transition region up to the critical carbon abun-
dance εC,crit if εC approaches εO from below. Figure 3
shows the result of an equilibrium calculation for the equi-
librium between forsterite, enstatite and the gas phase,
but without considering any other solid. In particular
Fig. 3 shows the dependence of the degree of condensation
of forsterite and enstatite on the carbon to oxygen abun-
dance ratio in the transition region relevant for S stars. In
the region of coexistence of forsterite and enstatite, only
the equi-abundance lines of enstatite are shown for clarity.
The behaviour of the equi-abundance lines of forsterite in
that region is complex and is not needed for our further
discussion.

Up to a carbon abundance of

εC = εO − 3εSi (3)

(εC/εO = 0.844 for the element mixture defined in Table 1)
one finds the usual picture: olivine condenses first and its
degree of condensation rapidly increases with decreasing
temperature until the available magnesium is nearly com-
pletely bound in forsterite. This consumes only one half
of the available Si because of εSi ≈ εMg. For lower temper-
atures the forsterite converts into enstatite until the Si is
completely bound in enstatite and some forsterite. Up to
a carbon abundance defined by (3) the silicate dust can
be formed as in standard M stars. This corresponds to
stars which would be classified according to their spectra
as normal M stars or at most as mild MS stars (Scalo &
Ross 1976).

For carbon abundances exceeding the limit (3) the
available O (i.e. the excess of O over C) does not suf-
fice to fix the fraction of the Si, which cannot be bound
in forsterite, in the less stable mineral enstatite. With in-
creasing carbon to oxygen abundance ratio a decreasing
fraction of the Si condenses into enstatite. At a carbon
abundance above

εC = εO − 2εMg (4)

(εC/εO = 0.888 for the element mixture defined in Table 1)
the available oxygen is reduced to such an extent that the
formation of forsterite is no more limited by the magne-
sium abundance. Then, no enstatite but only the most
stable silicate mineral forsterite is formed in the abun-
dance interval between the lower limit given by (4) and
the upper limit εC,crit, except for the small island of sta-
bility of MgSiO3 shown in Fig. 3. The excess magnesium
which is not consumed by silicate formation then forms a
different solid compound which turns out to be MgS.

The oxygen bound in CO usually is not available for
the formation of silicates because of its high bond energy.
Only at rather low temperatures net reactions of the type

Si + 2Mg + 4CO + 2H2 −→ Mg2SiO4(solid) + 2C2H2

become thermodynamically favourable. This is responsi-
ble for the condensation of Si into forsterite and enstatite
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Fig. 4. Equilibrium condensation of FeSi (full line), solid iron (dotted line) and silicon carbide (dashed line) at P =
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in chemical equilibrium at low temperatures even in the
carbon rich regime εC > εC,crit. This formation of silicates,
if kinetically possible, would occur in the stellar wind in a
region where condensation of silicates, carbon or any other
dust material has already driven the wind to highly super-
sonic outflow velocities. The resulting rapid dilution of the
wind material in this region and the resulting low particle
densities makes it unlikely that formation of oxygen bear-
ing solids by drawing oxygen from the CO reservoir really
occurs.

4.2. Condensation of iron and iron compounds

The abundant iron is not incorporated into the silicates
(except for a small fraction) as long as the temperature is

well above 500 K and condensation occurs under equilib-
rium conditions (for the case of non-equilibrium condensa-
tion see Gail & Sedlmayr 1999). From the many studies of
condensation sequences it is known that in chemical equi-
librium the iron condenses as free metal. Figure 3 shows
the upper stability limit of Fe for a typical pressure of
P = 10−4 dyn cm−2 for varying carbon to oxygen ratios
as dotted line. At the low pressures prevailing in circum-
stellar shells the condensation temperature is lower than
that of the silicates. This condensation temperature does
not depend on the carbon to oxygen abundance ratio as
long as εC<∼ εC,crit. Close to the critical carbon abundance
εC,crit the condensation temperature of forsterite drops be-
low that of iron because the freely available oxygen disap-
pears from the gas phase.
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At low temperatures the iron would be converted into
FeS and in an oxygen rich environment also into iron ox-
ides as has been shown in many calculations of conden-
sation sequences. In Gail & Sedlmayr (1998a) it is shown
that for kinetic reasons these conversions are unlikely to
occur under circumstellar conditions. For this reason we
do not consider FeS and iron oxides.

4.3. Condensation in the transition regime
between εC ,crit and εC ≈ 1 .025εO

In the region of carbon abundances between the critical
carbon abundance εC,crit and a carbon abundance slightly
in excess of the oxygen abundance, the chemistry is char-
acterised by the lack of both oxygen and carbon to form
the silicates characteristic for M star dust shells and the
soot characteristic for C star dust shells. Figure 4 shows
the condensates formed from the most abundant refrac-
tory elements in this region of carbon to oxygen abun-
dance ratios. These are: iron, silicon carbide, and iron
silicide.

In our chemical equilibrium condensation calculations
we have included some compounds which are not in-
cluded in the previously published condensation calcu-
lations, even not in the extensive set of solids listed in
Fegley & Lodders (1994). One group of compounds tested
for their capability to condense in circumstellar dust shells
was FeSi, FeSi2, and Fe3Si7. We found that for a carbon
abundance exceeding εC,crit iron silicide FeSi is more sta-
ble in chemical equilibrium than the pure iron metal. The
possible existence of this solid condensate for the element
mixture in S stars has not been recognised in the past.
We have recently shown, that this solid material is likely
to exist in in circumstellar shells of stars with peculiar
element abundances and detached dust shells by identi-
fying some of the far infrared absorption bands of FeSi
with observed but up to now not identified solid material
absorption bands (Ferrarotti et al. 2000). The possible ex-
istence of FeSi has recently already been found by Lodders
& Fegley (1999) from condensation calculations for C star
element mixtures.

Figure 4 shows the degree of condensation of the abun-
dant dust components in chemical equilibrium for the car-
bon abundance domain εC,crit ≤ εC<∼ 1.025εO. Solid car-
bon is not considered in this calculation since it is not
an important condensate in this region (cf. Fig. 5 for car-
bon condensation). The figure shows solid FeSi to be a
very abundant dust species. Its upper stability limit oc-
curs where SiC starts to consume nearly all of the Si. Its
condensation temperature is even higher than that of solid
iron. The iron silicide does exist in chemical equilibrium
only for carbon to oxygen abundance ratios typical for the
SC stars and extreme S stars (εC/εO>∼ 0.975). This needs,
however not to be true for non-equilibrium condensation.

The silicon carbide also starts to condense for car-
bon abundances εC > εC,crit at temperatures above the
stability limit of FeSi. For carbon abundances in the
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Fig. 5. Equilibrium condensation of carbon (full line), sili-
con carbide (dashed line), and iron (dotted line) at P =
10−4 dyn cm−2 for varying C/O–ratios. The numbers at the
lines denote the degree of condensation f of C in solid car-
bon, of Si in solid SiC, and of Fe in iron, respectively. For iron
f = 0, 0.2, 0.4, 0.6, 0.8 and f = 0.99 is plotted. The dashed-
dotted line, the left lower, nearly horizontal line, shows the
stability limit of solid FeSi (cf. Fig. 4).

region εC,crit < εC < εO it disappears again once FeSi be-
comes stable. Since the maximum degree of condensation
of Si in SiC in chemical equilibrium is small in this region
of carbon abundances, silicon carbide probably is not an
important condensate in this region, if ever.

For carbon abundances in the region εO <
εC<∼ 1.025εO silicon carbide and iron silicide coexist in
chemical equilibrium and it is possible that both dust
species are formed in a circumstellar shell. This means
that iron silicide dust may also be found in carbon stars
with a very weak carbon excess.

For carbon abundances exceeding ≈1.025εO the iron
silicide does not exist under chemical equilibrium condi-
tions. In this region the iron condenses as the free metal,
as in the oxygen rich region, while the silicon forms with
carbon solid SiC.

Carbon becomes stable in chemical equilibrium if
εC/εO > 1 at temperatures above the stability limit of
silicon carbide (see Fig. 4, cf. also Fig. 5). In the re-
gion 1 < εC/εO<∼ 1.025 the carbon disappears again once
SiC becomes stable. The fraction of the total carbon con-
densed into solid carbon is very small (cf. Fig. 5) and
carbon is probably not an important dust component
for SC stars with carbon to oxygen abundance ratios
1 < εC/εO<∼ 1.025.

The mixture of solids existing in the transition region
between the oxygen rich and the carbon rich element mix-
ture depends critically on the C and O abundances and
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the temperature. In Fig. 4 we may distinguish eight re-
gions where different mineral mixtures exist:

1. iron and forsterite;
2. iron and iron silicide;
3. iron, iron silicide, and silicon carbide;
4. iron, silicon carbide, and carbon;
5. iron silicide;
6. iron silicide and silicon carbide;
7. silicon carbide;
8. silicon carbide and carbon.

The regions of existence for varying C/O abundance ratios
and temperatures at the transition from M to C stars for
each of the different types of mineral mixtures are shown
in the inset in the left upper corner of Fig. 4. This variety
of possible mineral compositions makes S stars a particular
interesting class of stars where very different types of dust
mixtures may be found in their dust shells.

4.4. Condensation in the carbon rich regime

The carbon rich regime is characterised by the presence
of a lot of carbon bearing molecules in the gas phase dif-
ferent from CO. As is well known, this requires εC > εO,
which can also be seen by inspection of Fig. 1. At low
temperature, the change in composition of the gas phase
occurs rather abruptly at εC = εC,crit, as is shown in the
two Figs. 1 corresponding to T = 1000 and T = 1200 K,
respectively, and occurs more gentle at εC = εO at higher
temperatures, as is shown in Fig. 2 (T = 2500 K). Relevant
for the problem of dust formation is the composition at
low temperatures, while the composition at higher tem-
peratures is what one sees in the stellar spectrum.

Figure 5 shows the degree of condensation of the abun-
dant refractory elements into solids in the carbon rich re-
gion, as calculated for chemical equilibrium. The abun-
dant dust species for this domain of C/O abundance ratios
are solid carbon, SiC, and iron. Additionally MgS would
condense at about 800 K (not shown in the figure and
not discussed in this paper). The transition to a mixture
characteristic for carbon rich material occurs at a car-
bon abundance of εC ≈ 1.025εO and not at εC = εO.
If the carbon abundance of a star falls into the interval
εO < εC<∼ 1.025εO the dust composition may be different
from that expected for a C star though the stellar spec-
trum would look like that of a carbon star.

In this paper we do not consider the problem of dust
formation in true carbon stars.

5. Nucleation

Though it is not our intention to discuss the problem of
dust nucleation in this paper, we give some crude estima-
tions on the possibility that seed nuclei for dust growth
are formed from less abundant elements than those form-
ing the dust seen as circumstellar dust. Figure 6 shows
for the particular stable solid oxides and carbides of ti-
tanium and zirconium, which become stable already at

Fig. 6. Stability limits of some species which may be important
for nucleation.

rather high temperatures, the dependence of the stability
limits on the C/O abundance ratio (cf. also Lodders &
Fegley 1995). The abundance of Zr in Fig. 6 is already
increased by a factor of 10 over its standard cosmic abun-
dance to allow for the increased abundance of s-process
elements after the onset of third “dredge-up”. The figure
demonstrates, that at the oxygen rich side (εC < εC,crit)
the oxides of Zr and Ti are stable up to a much higher tem-
perature than the silicates, while at the carbon rich side
the carbides of Zr and Ti are stable up to higher tempera-
tures than solid C and SiC at least for not too high carbon
abundances. We do not consider the case εC > 1.025εO of
true carbon stars (for this case see e.g. Lodders & Fegley
1995, 1997, 1999). For S stars at the carbon rich side the
carbides of Ti and Zr are stable up to a much higher
temperature than the possible abundant condensates (Fe,
FeSi, SiC). Thus, except for a very narrow transition re-
gion of the C/O abundance ratio at εC = εC,crit, solid
compounds of Ti and Zr may form seed nuclei for the
growth of the more abundant dust species. However, even
with its increased abundance Zr seems not to be a likely
candidate for seed particle formation, but the abundance
of Ti is sufficiently high for this to be possible.

For carbon grain growth it is known from labora-
tory investigations of pre-solar dust grains (Bernatowicz
et al. 1996) that at least in some instances carbon grains
grow around seed nuclei of TiC or (Zr,Mo)C. In Gail &
Sedlmayr (1998b) it is proposed that in an oxygen rich en-
vironment dust growth may occur on seed nuclei of TiO2.
On the basis of a simple model for the properties of TiO2

clusters it was shown that TiO2 nucleation occurs at a
temperature of about 50 K above the stability limit of sil-
icates. More detailed calculations based on quantum me-
chanical calculations of structures and bond energies of
TiO2 clusters have confirmed this (Jeong 2000).

Here we give a brief discussion of the possibility of for-
mation of TiO2 seed nuclei in the oxygen rich element mix-
ture. We consider the problem of growth of TiO2 clusters.
If the growth does not start until the outflowing gas has
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cooled sufficiently in order that a significant supersatura-
tion ratio with respect to gas phase TiO2 has developed,
the equation for the growth of TiO2 clusters is

da
dt

= V0 nTiO2vth α . (5)

a is the grain radius and nTiO2 the particle density of
TiO2 molecules. The volume occupied by TiO2 in the solid
is

V0 =
ATiO2 mH

ρTiO2

· (6)

ATiO2 = 79.87 is the molecular weight of TiO2 and
ρTiO2 = 4.23 g cm−3 the mass density of the solid. vth =
3.2 × 104 cm s−1 is the random mean square thermal ve-
locity of TiO2 molecules and α is the sticking coeffi-
cient which is assumed to be unity, because already the
monomer is a tri-atomic molecule. The time required to
grow to some prescribed radius asn of the seed nucleus is

tgr = asn

∣∣∣∣dadt
∣∣∣∣−1

· (7)

If this growth has to occur over a distance ∆r correspond-
ing to a change ∆T in temperature of the wind material,
we have

∆r
r

= 2
∆T
T

(8)

since the temperature varies approximately as T (r) ∝
r−1/2 (grey temperature distribution). With ∆T ≈ 50 K,
the temperature difference between nucleation of TiO2

and the stability limit of the silicates, T ≈ 1000 K,
r ≈ 4.5 R∗ ≈ 1014 cm we have ∆r ≈ 1 × 1013 cm. The
time available for seed particle growth is

thydr =
∆r
v
· (9)

The flow velocity v prior to the onset of rapid acceleration
due to condensation of the abundant dust species should
be of the order of the sound velocity v ≈ 105 cm s−1. Then
thydr ≈ 108 s. This is the time available for seed particle
growth.

In order that tgr < thydr we must have

nTiO2 ≥
asn

V0vthαthydr
· (10)

For a seed nucleus containing, for instance, 1000 TiO2

molecules we have asn = 10V
1
3

0 = 3 × 10−7 cm. Then we
require nTiO2 ≥ 3 × 103 cm−3. This is the minimum par-
ticle density of TiO2 molecules required for efficient seed
particle growth.

The number density of hydrogen nuclei in a stationary
wind is

NH =
Ṁ

4πmH

1
r2v

(11)

= 3× 1010

(
Ṁ

10−5M� yr−1

)(
1014 cm

r

)2(km s−1

v

)
·

At a temperature of ≈1000 K the titanium is almost
completely bound in TiO2 molecules for the oxygen rich
mixture. With the abundance given in Table 1 we have
nTiO2 ≈ 3×103 cm−3. Comparing this with our preceding
condition nTiO2 ≥ 3× 103 cm−3 we conclude, that growth
of seed nuclei of TiO2 containing at least 103 monomeres
is possible if Ṁ >∼ 10−5M� yr−1 and growth of very small
seed nuclei with at least 10 monomeres, which corresponds
to clusters with 30 atoms, if Ṁ >∼ 2 10−6M� yr−1.

Thus, in the oxygen rich (εC < εC,crit) element mix-
ture the formation of the abundant dust components is
preceded by the formation and growth of TiO2 clusters.
These may serve as growth centres for the condensation
of the abundant dust components. For seed nuclei formed
from ZrO2 the situation is less favourable because of the
lower abundance of Zr, but for the highest mass loss rates
Ṁ >∼ 10−5M� yr−1 also seed particles from zirconium ox-
ide may form in the stellar wind.

A discussion of the possible formation of TiC seed
nuclei in the carbon rich mixture is given by Chigai,
Yamamoto & Kozasa (1999), a possible observational
identification of TiC clusters is discussed in von Helden
et al. (2000).

6. Non-equilibrium condensation

The considerations on equilibrium condensation in Sect. 4
show which dust species are the most stable ones for stars
with the peculiar element composition of AGB stars at
the transition between M and C stars. Now we have to
consider the problem which dust species are formed un-
der the non-equilibrium conditions encountered in stellar
outflows. In such outflows the dynamical expansion time-
scale usually is shorter than the time-scale required for
establishing chemical equilibrium. The chemistry, then,
lags behind the change in the equilibrium composition
towards which the chemical system tries to evolve and
from some point on the density in the wind is so small
that the chemistry is effectively frozen in. The dust com-
position obtained in such circumstances represents some
transient state of the chemical evolution of the system,
the nature of which can only be determined by solving
the rate equations for dust growth in a cooling and ex-
panding environment. It is to be expected, that the most
stable equilibrium condensates also in this case are the
dominating dust species, but the relative quantities of the
different dust species formed under non-equilibrium con-
ditions may be very different from what is found for the
case of equilibrium condensation, cf. Paper II. In the fol-
lowing we present the basic equations for dust growth for
the special conditions encountered for nearly equal abun-
dances of oxygen and carbon and for the new dust species
formed at the M-S-C transition.

6.1. Growth of silicate dust grains

The silicates forsterite and enstatite cannot condense di-
rectly from the gas phase by formation of their own seed
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nuclei. Their growth from the gas phase requires the ex-
istence of some kind of pre-formed seed particles. These
may be provided, for instance, by TiO2 particles at the
oxygen rich side of the M–S–C transition, as discussed in
the preceding section. We leave open the precise nature
of the seed nuclei, since this is presently not known, but
merely assume that such particles do exist. For growth
on pre-formed seed nuclei there usually exists no, or no
significant, nucleation barrier and we assume that the sil-
icates start to grow once the temperature in the outflow
falls short of the stability limit of the bulk condensate.

In an oxygen rich element mixture the two most abun-
dant solid condensates are olivine and pyroxene. Figure 3
shows the degree f of condensation of these two silicates
(with x = 1) in chemical equilibrium, when they are nearly
iron-free. For increasing carbon abundance condensation
of enstatite is suppressed in the region of C/O abun-
dance ratios typical for S stars because of the lack of
available oxygen, which is completely bound in CO and
forsterite, once the carbon abundance has increased to
εC > εO − 2εMg. The suppression of enstatite formation
needs, however, not to be true in a non-equilibrium sit-
uation. The stability limits of forsterite and enstatite for
condensation from the gas phase are close to each other for
a carbon to oxygen abundance ratio exceeding 0.8, as can
be seen from Fig. 7 which shows the (pseudo-)equilibrium
condensation of the two silicates calculated for the two
hypothetical cases that only one of the silicates is allowed
to condense, either forsterite or enstatite.

Since the stability limits of both silicates are very close
in temperature, in a cooling outflow they both may start
to condense on seed nuclei at nearly the same time and,
as long as the condensible material in the gas phase is not
yet strongly depleted by growth of the two solids, they
grow independently from each other from the gas phase.
Strong acceleration of the wind due to radiation pressure

following the condensation of abundant and efficiently ab-
sorbing dust species then rapidly dilutes the wind mate-
rial and prevents the system from evolving to the chem-
ical equilibrium state. Thus, as discussed in Paper II, in
a non-equilibrium condensation calculation one has to re-
tain both silicates, even if an equilibrium calculation pre-
dicts one of them to be absent. The same holds for the
formation of quartz, as was shown in Paper II. Thus we
also have to consider the formation of quartz.

The non-equilibrium condensation of olivine and py-
roxene has been considered in Paper II. In the present case
there arises the problem that in the region of C/O abun-
dance ratios typical for S stars and temperatures of the or-
der of 1000 K or below, most of the oxygen is bound in CO
and SiO (cf. top of Fig. 1). The growth of silicates then
is limited by the fact that insufficient amounts of O are
available in the gas phase to supply the oxygen required
for complete condensation of Si into forsterite or enstatite.
The growth rate in the oxygen rich case is determined by
the collision rate with SiO molecules (see Paper I). The
additional oxygen required to form the SiO4–tetrahedrons
in silicates is provided by H2O molecules, which in the
oxygen rich case are available in sufficient amounts from
the gas phase. Also Mg and Fe are available in sufficient
amounts from the gas phase. This is not valid for S stars
where addition of oxygen probably becomes the rate limit-
ing step. The most abundant O bearing species in the gas
phase besides CO and SiO is H2O for all carbon abun-
dances εC < εC,crit (cf. top of Fig. 1). Thus, formation of
the basic building block SiO4 of the silicate lattice requires
for each SiO molecule to incorporate three (olivine) or two
(pyroxene) additional H2O molecules from the gas phase
for supplying the required oxygen. Thus we assume as a
working hypothesis that the growth rate for olivine Jgr

ol is
given by

Jgr
ol =


JSiO if JH2O > 3JSiO

1
3JH2O if JH2O < 3JSiO

(12)

and the growth rate of pyroxene Jgr
py is given by

Jgr
py =


JSiO if JH2O > 2JSiO

1
2JH2O if JH2O < 2JSiO

. (13)

where

JSiO = αSiOnSiOvth,SiO (14)

JH2O = αH2OnH2Ovth,H2O. (15)

The α’s are the growth coefficients, for which we assume
that αSiO = αH2O. For αSiO we use for olivine and pyrox-
ene the values discussed in Paper II. With this assumption
on the growth rates the radius change of silicate grains,
the fractional contents x of magnesium in the lattice of
olivine and pyroxene, and the consumption of condensible
species from the gas phase are calculated as described in
Papers I & II. Diffusion of Fe cations in the olivine and
pyroxene lattice is not considered in the present paper.
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With respect to the growth of quartz grains we assume
that the growth rate is given by

Jgr
qu =


JSiO if JH2O > JSiO

JH2O if JH2O < JSiO

. (16)

For α we assume, again, that αSiO = αH2O and use the
growth coefficient αSiO for quartz discussed in Paper II.

6.2. Growth of silicon carbide dust grains

Silicon carbide (or carborundum) dust grains are present
in most carbon stars (cf. Wallerstein & Knapp 1998) as
can be seen by the 11.3 µm emission feature of SiC, but
they are absent from oxygen rich objects. Silicon carbide
is also observed to be present in a small number of S stars
(Chen & Kwok 1993). This seems quite natural in view of
the dependence of the equilibrium abundance of SiC on
the C/O ratio in the region of carbon to oxygen abun-
dance ratios εC,crit<∼ εC<∼ εO where typically S stars do
appear. Figure 4 shows that at most 20% of the silicon
may condense into SiC in chemical equilibrium, but only
above the stability limit of FeSi. Once the latter becomes
stable, SiC becomes unstable against conversion into FeSi.
This does not exclude the formation of some quantities of
silicon carbide in a non-equilibrium situation but it is un-
likely that significant amounts of SiC will form in such a
situation.

In the region εO<∼ εC<∼ 1.025εO the chemical equilib-
rium abundance of SiC rapidly increases with increas-
ing C/O ratio while the equilibrium abundance of FeSi
drops to zero. Though silicon carbide is the stable Si bear-
ing condensate only at C/O abundances where the star
would be classified as C star, it seems likely that in a
non-equilibrium situation for abundances close to or close
above the limit εC = εO, where a star still may be clas-
sified as being of spectral type S, already a non negligi-
ble quantity of silicon carbide is formed. For this reason
we include SiC condensation in our calculation of non-
equilibrium dust formation.

Growth of silicon carbide from the gas phase is a pro-
cess of technical interest for semiconductor fabrication,
which has attracted much interest. For a recent discus-
sion of this aspect with many references to the literature
see R̊aback (1999). Such technical growth processes, how-
ever, are run under conditions different from that encoun-
tered in circumstellar shells in two respects: temperatures
applied in the laboratory are much higher than in the
condensation zone of circumstellar shells, and usually in
technical processes silicon carbide is grown in a hydro-
gen poor environment. This makes the direct application
of data for SiC growth in the laboratory to SiC growth
in circumstellar shells somewhat questionable. Since no
other sort of information on SiC growth seems to be avail-
able we nonetheless use this information for a preliminary
calculation of SiC growth in circumstellar shells.

The sublimation growth of SiC has successfully been
modelled by R̊aback (1999) by assuming a sticking co-
efficient α for vapour deposition of unity. Therefore we
assume in our model calculation α = 1.

Figure 1 shows that in the circumstellar shell there are
essentially three potentially important gas phase species
which may contribute to the growth of solid SiC at tem-
peratures around T = 1000 K: Si, Si2C, SiC2, and C2H2.
The most abundant Si and C bearing species in the gas
phase are SiC2 and Si2C within the temperature region
between 1200 and 1000 K where the growth of SiC is ex-
pected to occur in a circumstellar shell (cf. top and middle
of Fig. 1). SiC2 dominates at higher temperatures while
Si2C dominates at lower temperatures. Since both, Si2C
and SiC2, also are very abundant species in the gas phase
under conditions of sublimation growth of SiC (cf. R̊aback
1999), we assume that growth of SiC occurs via deposition
of one Si and one C atom to the surface of the growing
crystal during collision with Si2C or SiC2 from the gas
phase

Jgr
SiC = (nSi2C vSi2C + nSiC2 vSiC2) α , (17)

where nSiC2 , nSi2C and vSiC2 , vSi2C are the particle densi-
ties and the rms. thermal velocities of the growth species,
respectively.

The vapour composition during SiC sublimation can
be obtained as follows: the vapour may be composed of Si,
Si2, Si3, C, C2, C3, SiC, Si2C, SiC2, . . . , from which, how-
ever, only Si and SiC2 are really abundant (Note that the
composition of the vapour of solid SiC is different from
the mixture of Si-bearing molecules in the stellar wind).
From the stoichiometric condition pSi = pSiC2 and from
the condition of chemical equilibrium between the solid
and the gas

pSipC e−∆G/RT = 1 (18)

(∆G being the free enthalpy of formation of solid SiC from
the free atoms) and from the law of mass action

pSiC2 = pSip
2
CKp(SiC2) , (19)
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where Kp denotes the mass-action constant of SiC2, one
obtains in good approximation

pC = (Kp(SiC2))−
1
2 , pSi = e∆G/RT p−1

C . (20)

The partial pressures of the other molecules are readily
calculated from this. The resulting vapour composition of
solid SiC is shown in Fig. 8. Since the dominating species
in the vapour are SiC2 and Si, the decomposition rate of
solid SiC is

Jdec
SiC = 2αvSiC2

pv,SiC2

kT
, (21)

where pv,SiC2 is the equilibrium vapour pressure of
SiC2 molecules. The factor of two accounts for the fact
that injection of one SiC2 into the gas phase is accom-
panied by the injection of one Si into the gas phase for
stoichiometric reasons. By the loss of one SiC2 from solid
SiC two nominal molecules of SiC are lost from the solid.

The radius change of SiC grains (abbreviated as “sc”)
then is calculated from

dasc

dt
= V0,sc

(
Jgr

sc − Jdec
sc

)
. (22)

This together with the rates (17) and (21) is our model
for the growth of SiC grains. Equation (22) is solved from
that point on where Jgr

sc > Jdec
sc .

The growth of SiC grains in C stars is discussed from
a somewhat different point of view also by Kozasa et al.
(1996).

6.3. Growth of FeSi dust grains

FeSi is unstable against conversion into solid Fe and
silicon-oxygen compounds in the presence of H2O.
Therefore FeSi does not form for εC < εC,crit, as can be
seen from Fig. 4. Its formation is possible only at the car-
bon rich side of the M-S-C transition.

Assuming spherical grains the equation of change for
the grain radius of FeSi grains (abbreviated as “fs”) is

dafs

dt
= V0,fs

(
Jgr

fs − Jdec
fs

)
(23)

where V0,fs is the volume occupied by one nominal
molecule in the solid and Jgr

fs and Jdec
fs are the rates at

which Si atoms are added to or removed from the surface
of the solid per unit surface area by growth and decom-
position processes, respectively.

The vapour composition of FeSi is calculated as fol-
lows: The vapour resulting from FeSi vapourisation is com-
posed of free Fe and Si atoms and of the molecules FeSi,
Si2, and Si3, from which only Fe and Si are really abun-
dant. The stoichiometric conditions then require that we
have pFe = pSi. Chemical equilibrium between the vapour
and the solid requires

1 = pFepSi e−∆G/RT , (24)

where ∆G is the free enthalpy of formation of solid FeSi
from the free atoms. From these two conditions one ob-
tains the approximation (with very good accuracy)

pFe = pSi = e∆G/2RT . (25)

From this the vapour pressures of the different molecules
can be calculated. Figure 9 shows the vapour composition
of FeSi. It is composed nearly exclusively of free Fe and
Si atoms, justifying our assumption on which the approx-
imate solution (25) is based. The decomposition rate of
FeSi then can be calculated from

Jdec
fs = αFeSivth,Si

pv,Si

kT
· (26)

The vapour pressure pv,Si is given by (25). We have not
succeeded to find measured values for the vapourisation
coefficient of FeSi. Since FeSi behaves at high tempera-
tures like a metal, we assume a coefficient αfeSi = 1 typical
for metals.

Abundant Fe and Si bearing species in the stellar wind
for oxygen to carbon abundance ratios typical for S stars
are (cf. top of Fig. 1)

Fe, Si, SiO, SiS, Si2C .

A possible growth mechanism for FeSi is the addition of
Fe and Si atoms from the gas phase. The rate determining
step in this case is the addition of Si atoms, since in the
wind material they are less abundant than Fe atoms (cf.
Fig. 1). The growth rate then is

Jgr
fs = αFeSivth,SinSi . (27)

For the three alternative reactions

Fe + SiO→ FeSi(s) + O

Fe + SiS→ FeSi(s) + S

Fe + Si2C→ FeSi(s) + SiC

the change of free enthalpy ∆G is +41, −131,
−336 kJ Mol−1, respectively (data from Barin 1992). The
formation of FeSi(s) from Fe atoms and SiO is not pos-
sible, but formation from Fe and SiS or Si2C in principle
could occur but is not considered in our model calculation.

Equations (23), (26), and (27) define our model as-
sumption for the growth of FeSi grains in circumstellar
shells of s stars. The growth Eq. (23) is solved from that
point on where Jgr

fs > Jdec
fs .
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6.3.1. Possibility of direct nucleation of FeSi

Inspection of Fig. 1 shows that the gas phase abundance
of FeSi molecules at T = 1000 K is low, but not extremely
low. They certainly are not important for FeSi growth,
but they may be responsible for direct nucleation of FeSi
from the gas phase by homogeneous nucleation if no other
suited seed nuclei for FeSi grains are available. If the crit-
ical cluster for nucleation is the monomer FeSi, we obtain
for the nucleation rate (cf. Gail & Sedlmayr 1998a)

Jnucl = n2
FeSivth,FeSiσα . (28)

For estimating the order of magnitude of the nucleation
rate we use vth = 3 × 104 cm s−1, σ = 10−15 cm2, α = 1,
nFeSi/NH = 10−10 (cf. Fig. 1) and obtain for the number
of grains formed per hydrogen nucleus and per second

Jnucl

NH
≈ 3× 10−31NH. (29)

For the number density of H nuclei we have

NH =
Ṁ

1.4mH 4π r2v
· (30)

Since FeSi will be the first strong absorbing material con-
densing in the wind of S stars, only a substantial condensa-
tion of FeSi drives the wind to highly supersonic velocities,
provided the wind of S stars is driven by dust condensa-
tion and not by some completely different mechanism (like
pulsation). Then we can assume that the wind enters the
dust forming zone around the star with a slightly subsonic
velocity, for instance with vgas ≈ 105 cm s−1. A tempera-
ture of T ≈ 1000 K is reached at r ≈ 4.5 R∗ ≈ 1×1014 cm
for a star with L = 104L� and Teff = 3000 K. The den-
sity of hydrogen nuclei then is nH ≈ 3× 1010 cm−3. If we
arbitrarily assume that the extension of the dust forming
layer is of the order of 0.5 R∗, the residence time of the
wind material in the dust forming layer is

τgr =
∆r
vgas

≈ 1× 108 s . (31)

The number of FeSi dust grains formed in the wind by
direct FeSi nucleation follows as
ngr

NH
=
Jnucl

NH
τgr ≈ 9× 10−13 grains

H-nucleus
, (32)

which is of the right order of magnitude to allow for effi-
cient condensation in the wind.

This estimate refers to the rather extreme situation of
a strong supercooling when the size of the critical cluster
for nucleation has dropped to the monomer, which seems
unlikely to occur under realistic conditions. It shows, how-
ever, that FeSi could, at least in principle, be formed di-
rectly from the gas phase without the requirement of pre-
formed seed nuclei. A nucleation of FeSi in condensation
experiments using shock tubes is reported to be observed
by Stephens (1989). Since in the stellar outflow centres
for heterogeneous growth on seed nuclei are likely to ex-
ist, we assume in our model calculations that FeSi grows
on pre-formed seed nuclei.

Table 3. Data used in the calculation of growth and vapouri-
sation rates.

Dust species A ρ α Reference

(Mg,Fe)2SiO4 172.23 3.75 0.1 Nagahara &
Ozawa (1996)

(Mg,Fe)SiO3 116.16 3.58 0.1 estimate

Fe 55.85 7.86 1.0 Landolt-
Börnstein (1968)

FeSi 83.93 6.1 1.0 estimate

SiC 40.10 2.2 1.0 R̊aback (1999)

6.4. Growth of iron dust grains

Figure 4 shows that solid iron is a possible condensate in
the region of C/O abundance ratios relevant for S stars.
Different from the case of M and S stars, however, this is
not the only stable Fe bearing condensate but part of the
Fe will condense into FeSi.

Nucleation of iron grains from the gas phase is not pos-
sible because of the low bond energy in small iron clus-
ters (Gail & Sedlmayr 1998a). Iron can be formed only by
heterogeneous growth on some of the seed nuclei formed
above the condensation temperature of Fe. The forma-
tion of pure iron grains does not depend on the carbon to
oxygen abundance ratio in the stellar outflow since, inde-
pendent of the C/O abundance ratio, the only abundant
Fe bearing gas phase species is the free Fe atom. The only
difference to the case of iron condensation in true M and
C stars is that for S stars Fe formation occurs in compe-
tition with FeSi formation. The growth of iron grains is
calculated as in Papers I & II.

6.5. Carbon condensation

In chemical equilibrium small amounts of carbon dust may
condense if the carbon to oxygen abundance ratio exceeds
≈1.025 (cf. Fig. 5). Such stars will be assigned the spectral
type C and not spectral type S according to the molecular
abundances in their stellar atmosphere (cf. Fig. 2). At
C/O abundance ratios below ≈1.025 no condensed carbon
exists in chemical equilibrium.

Carbon growth occurs in circumstellar dust shells un-
der non-equilibrium conditions (e.g. Cherchneff 1998).
Though carbon becomes thermodynamically stable in car-
bon rich element mixtures at temperatures above 1400 K
(see Fig. 5) the basic processes of carbon growth from
a hydrogen-acetylene gas mixture do not work at tem-
peratures above ≈1100 K (e.g. Cherchneff 1998). Carbon
dust then does not form at a much higher temperature
than the other abundant dust species. Since only small
quantities of carbon dust can be formed at carbon over-
abundances up to C/O<∼ 1.05 they are dynamically not
significant compared to the radiative acceleration of the
wind by the other dust species. For this reason we do not
consider carbon dust formation in this paper.
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7. Model calculation

7.1. Wind model

We have calculated simple models for the condensation of
dust in the outflow from stars with varying carbon to oxy-
gen abundance ratios from C/O < 1 to C/O > 1 in order
to study the compositional changes of the circumstellar
dust during the M-S-C transition.

The stationary, spherically symmetric wind model on
which these calculations are based on is described in
Paper II. With respect to the details of the model cal-
culation for the stellar outflow we refer to that paper.

The chemical composition of the gas phase is calcu-
lated by assuming chemical equilibrium for the molecular
species. The calculation is restricted to a subset of the
most abundant molecules of the elements H, C, N, O, Mg,
Si, Fe, S, Al, and Ca. For the dust growth problem the
abundances of H2O, SiO, Si, SiS, SiC2, Si2C, Fe, and Mg
are of particular importance. The assumption of chemical
equilibrium seems to be somewhat critical with respect
to the abundances of Si, Si2C, and SiC2 in the region
εC ≈ εC,crit, since in this region these particular molecular
species are minor species (cf. Fig. 1), whose abundance
in a real stellar outflow may be somewhat different from
their chemical equilibrium abundances. A non-equilibrium
calculation of such species would be desirable, but the re-
action kinetics of the SimCn compounds seems not to be
well known.

The equations of dust growth for olivine, pyroxene,
quartz, iron, FeSi, and SiC are described in the preceding
paragraph and Papers I + II. They are solved for each of
the dust species from that point on outwards, where the
growth rate first exceeds the decomposition/vapourisation
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Fig. 11. Eddington limit luminosities Ledd for some important
dust materials are shown as dotted lines. Above this limit ra-
diation pressure on grains of the indicated dust species is able
to drive a stellar wind. The limit luminosity is calculated for
a stellar mass of M∗ = 1M� and a degree of condensation
of the respective key element of f = 0.5. For other fractional
condensations and stellar masses the limit luminosity scales as
M∗/f . For comparison, some evolutionary tracks in the HR-
diagram for stars with initial stellar masses between 2 and
7M� (Meader & Meynet 1988) are shown as full lines.

rate of the dust species. The sticking coefficients used for
calculating the growth of the different dust components
are listed in Table 3. For integrating the growth equations
for the olivine and pyroxene we have to specify the ex-
change coefficient αex for Mg and Fe (defined in Paper I).
This determines to a large extent the ratio Fe/(Mg+Fe) of
the silicates. Unfortunately this quantity is poorly known
(see Paper I) and we use in the present calculation a value
of αex = 0.1α where α is the sticking coefficient for grain
growth. This low value results in a high Fe/(Mg+Fe) ra-
tio of the grains, essentially equal to that in the gas phase
(≈0.4, if part of the Fe is bound in iron grains). A side
effect of a low αex and the resulting high iron content of
olivine and pyroxene is a reduction of their condensation
temperature as compared to their iron free counterparts
forsterite and enstatite (cf. Fig. 1 of Paper I, for instance).
Observationally it is known that the silicate dust compo-
nent in circumstellar shells, if its lattice structure is crys-
talline, is nearly iron free (Molster 2000). The problem
of formation of a crystalline dust component and its iron
content is out of the scope of the present paper, we only
consider formation of amorphous silicate dust.

The extinction coefficient κ is calculated as in Paper II
by a simple superposition of the extinction coefficients κ
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Fig. 12. Degree of condensation f of the dust species formed in M and S stars for some C/O abundance ratios at the oxygen
rich side εC < εC,crit of the chemical composition. The degrees of condensation f refer to the fraction f of the totally available Si
condensed into olivine, pyroxene, or quartz, and to the fraction f of the totally available Fe condensed into solid iron. The wind
model is calculated for a mass-loss rate of Ṁ = 10−5 M� yr−1. Metallic iron, olivine, quartz, and pyroxene are the dominant
dust species in the circumstellar shells of S-stars with atmospheric abundances where they spectroscopically would be classified
as MS or S-stars. Closer to the limit εC = εC,crit ≈ 0.975εO iron grains are the dominating dust species.

of the different dust species and of the of gas

κ = folκol + fpyκpy + fFeκFe + fFeSiκFeSi + fSiCκSiC

+κmol (33)

κol . . . are the mass extinction coefficients of the different
dust species, calculated for complete condensation of the
key element in the dust species, and fol . . . are the frac-
tions of the key elements really condensed into the grains.
These are calculated from the solution of the equations of
grain growth analogously as it is described in Paper II.
For Fe, FeSi, and SiC we use the optical constants de-
scribed in Appendix A and calculated Rosseland-averaged
mass extinction coefficients as described in Paper I. The
results for SiC and FeSi are rather accurately fitted by

κSiC(T ) =
[ 1

(9.560× 10−6T 1.710)4
+

1
(7.791× 10−4T .8808)4 + (1.171× 10−6T 1.879)4

]− 1
4 · (34)

and

κFeSi(T ) =
[ (

4.071× 10−3 T .6981
)4

+
(
9.251× 10−7 T 1.849

)4 ] 1
4 · (35)

The gas opacity κmol is approximated by the fit formula for
the Rosseland mean of the mass extinction by molecules
as given by Bell & Lin (1994).

Figure 10 shows the Rosseland mean opacities of the
dust components included in the model calculation and of
some other dust components of interest for circumstellar
dust shells. The dust extinction of the silicates are for
amorphous dust grains. Figure 11 shows the Eddington
limit luminosity

Ledd =
4πcGM∗
fκ

(36)

for different dust species and a representative degree of
condensation of f = 0.5. Ledd defines the minimum lumi-
nosity required in order that radiation pressure on grains
can drive a supersonic outflow. Note that silicates, Fe,
and FeSi all are nearly equally efficient in driving a stellar
wind.

The general properties of the wind models calculated
are similar to that shown in, e.g., Paper I and will not be
discussed further.
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Fig. 13. Degree of condensation f of the dust species formed in S-stars for some C/O abundance ratios at the carbon rich
side εC > εC,crit of the chemical composition. The degrees of condensation f refer to the fraction f of the totally available Si
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of S-stars with atmospheric abundances where they would spectroscopically be classified as SC or even as S stars. SiC becomes
an abundant dust species only for C stars with εC > εO.

7.2. Results for individual dust models

7.2.1. Dust condensation in S stars

For carbon to oxygen abundance ratios less than the crit-
ical value εC,crit/εO = 0.975 the most abundant dust
species expected from chemical equilibrium calculations
to be formed in the dust shell are silicates and solid iron.
The dust mixture, then, essentially equals that of normal
M stars.

Figure 12 shows the result of non-equilibrium dust for-
mation calculations for the radial variation of the fraction
of the Si condensed into the different silicate dust species
and the fraction of the Fe condensed into iron grains for
some selected values of the C/O abundance ratio. The
wind models in this Fig. are calculated for a mass-loss
rate of Ṁ = 10−5M� yr−1. Obviously, the abundance of
the silicate dust components decreases with increasing car-
bon abundance because the abundance of the H2O vapour
required for the further oxidation of the SiO added to
the solid becomes scarce. At the same time the fraction
of iron dust formed in the wind gradually increases be-
cause the abundance of the growth species for iron, the

free Fe atom, does not depend on the C/O abundance ra-
tio. The decrease of the available oxygen slows down the
silicate growth with increasing C/O abundance ratio up
to the point where for sufficiently high C/O ratio radia-
tion pressure on iron grains already drives the outflow to
highly supersonic velocities. In this case the rapid dilu-
tion of the wind material additionally inhibits the growth
of silicate grains.

The non-TE calculation shows that a certain fraction
of quartz is formed. This fraction is somewhat higher than
what we have found in Paper II, because we assume in
this paper a lower value for the exchange coefficient αex.
This low value increases somewhat the fraction of quartz
formed in a non-TE calculation, since a high iron content
of olivine and pyroxene lowers their condensation temper-
ature and brings it closer to the condensation temperature
of quartz. Since quartz, then, starts to form already be-
fore the acceleration of the wind by radiation pressure on
olivine and pyroxene strongly dilutes the outflowing gas,
the quartz grains have chance to collect a bigger fraction
of the available SiO as compared to the case where quartz
condensation starts only after already significant olivine
and pyroxene formation has taken place.
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7.2.2. Dust condensation in SC stars and weak carbon
stars

The chemical equilibrium condensation calculations indi-
cate a drastic change in the chemical composition of the
dust formed in the stellar outflow if the carbon abun-
dance exceeds the critical value εC,crit defined by (1). For
εC,crit < εC < εO the stars would be classified accord-
ing to the appearance of their spectra as extreme S stars,
for εO < εC<∼ 1.1εO as SC stars and for εC>∼ 1.1εO as
C-stars (Jaschek & Jaschek 1987). The chemistry in the
transition region εC,crit < εC < εO is characterised by the
non-availability of oxygen and carbon for the formation of
solids. Solid iron and FeSi are the most stable condensates
under these circumstances. At somewhat higher carbon
abundances (C/O > 1) conditions become favourable for
condensation of SiC.

Figure 13 shows results of model calculations of non-
equilibrium dust formation for the radial variation of the
degree of condensation for the dust components Fe, FeSi
and SiC. The wind models are calculated assuming a
mass loss rate of Ṁ = 10−5 M� yr−1 and four different
C/O abundance ratios. The top left figure refers to an
abundance εC = 0.98εO which is very close to the criti-
cal abundance εC,crit = 0.975. Iron dust is the dominating
dust species in this case and also some FeSi is formed.
This changes rapidly if the C/O ratio only slightly in-
creases the critical value εC,crit/εO ≈ 0.975. FeSi then
is the dominating dust species. Silicon carbide first ap-
pears in non-negligible amounts if the carbon abundance
exceeds the oxygen abundance, as is expected from chem-
ical equilibrium calculations. With further increase of the
carbon abundance the fraction of the FeSi-dust decreases
and the fraction of metallic iron dust increases, but FeSi
does not disappear as an important dust component at
εC/εO = 1.025, as the results of the equilibrium conden-
sation suggests, but is formed in significant amounts even
at higher C/O abundance ratios. This results from the
fact that in the outflow due to rapid dilution of the wind
material the chemical composition does not develop into
a chemical equilibrium state. The mineral mixture in the
outflow represents a frozen in transient state.

This result indicates that FeSi may not only be formed
in S-stars but even in carbon stars.

7.2.3. Dependence of dust condensation
on the mass-loss rate

Figure 14 shows as an example the variation of the dust
composition in the wind with varying mass-loss rate for
the carbon rich side of the element mixture. The rela-
tive amounts of metallic iron and FeSi grains formed in
the wind obviously depend strongly on the mass-loss rate.
This results from the fact that (i) the rate determining
step of FeSi growth is the addition of atomic Si and (ii)
that free Si atoms are only a minor species at the low tem-
perature where growth of Fe and FeSi grains is possible
(cf. Fig. 1). This favours iron growth for low mass loss
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bon to oxygen abundance ratio of εC/εO = 1.00. The degrees
of condensation f refer to the fraction f of the totally available
Si condensed into SiC and FeSi, and to the fraction f of the
totally available Fe condensed into solid iron.

rates because, though FeSi starts to condense at a signifi-
cantly higher temperature than Fe, the growth of FeSi is
slower as that of metallic Fe and the degree of conden-
sation of FeSi for low mass-loss rates does not reach the
level required for strong wind acceleration before conden-
sation of iron becomes possible. The rapid growth of iron
from that point on then quickly forms sufficient amounts
of condensed iron material so as to accelerate the wind
to highly supersonic velocities by means of radiation pres-
sure on iron grains. This in turn inhibits further growth
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Fig. 15. Radial variation of the degree of condensation f for dust species at the oxygen rich side of the M-S-C transition and
their dependence on the C/O abundance ratio. Top left: fraction of the Si condensed into olivine. Top right: fraction of the
Si condensed into pyroxene. Bottom left: fraction of the Si condensed into quartz. Bottom right: fraction of the Fe condensed
into metallic iron. The wind models are calculated for a mass-loss rate of Ṁ = 10−5 M� yr−1. Note that the f-scale for Fe is
different from that for the Si-compounds.

of FeSi, which is the reason for the low abundance of FeSi
in the high mass-loss model in Fig. 14.

For low mass-loss rates we, thus, expect as a result
of non-equilibrium dust formation in the stellar outflow
much iron dust to be formed but only low amounts of
FeSi, though this should be the dominating dust species
in the abundance region εC,crit<∼ εC<∼ 1.025εO. FeSi can be
formed as an abundant dust species only in objects with
a very high mass loss rate.

7.3. Change of dust composition at the M-S-C
transition

The variation of the dust composition in the circumstellar
dust shell is calculated for a set of models with C/O ra-
tios ranging from C/O = 0.65 to C/O = 1.10. This cov-
ers the abundance range starting from stars which would
appear as pure M stars according to their atmospheric
spectra up to stars which appear as almost pure carbon
stars. The composition of the dust mixture changes com-
pletely within a narrow C/O abundance interval around
εC,crit/εO = 0.9751.

Figure 15 shows the results for the oxygen rich side
of the abundance ratios. We have plotted the degree of

condensation of Si into the Si bearing condensates olivine,
pyroxene, and quartz, and of Fe into solid iron. Note that,
additionally, part of the iron is condensed into olivine and
pyroxene. As can easely be seen, the abundances of the
silicate dust species olivine and pyroxene decrease with
increasing C/O abundance. The main reason is the de-
crease in the abundance of H2O in the gas phase which
is required to oxidise the SiO from the gas phase to the
SiO4 building block of the silicates. This limits the growth
velocity of olivine and pyroxene as the abundance ratio of
C/O approaches εC,crit/εO and suppresses their formation
for εC > εC,crit. The growth of quartz also is limited by
the lack of available oxygen. First its abundance signifi-
cantly drops between the two limits given by (3) and (4)
because the oxygen becomes scarce and mainly is con-
sumed by forsterite and enstatite formation. The quartz
vanishes as one approaches the limit εC = εC,crit, but less
strongly than forsterite and enstatite. Close to the critical
abundance ratio quartz according to our model calculation
would be the dominating Si bearing dust species.

Parallel to the decrease of the silicate dust abundances
the abundance of iron dust increases. The reasons for this
are twofold. Firstly, Fe also is incorporated into the sili-
cate dust. The fraction of the total Fe which can condense



276 A. S. Ferrarotti and H.-P. Gail: Mineral formation in stellar winds. III.

Fig. 16. Radial variation of the degrees of condensation f of Fe
into solid FeSi and of Si into solid SiC and their dependence on
the C/O abundance ratios at the carbon rich side of the M–S–
C transition. The wind models are calculated for a mass-loss
rate of Ṁ = 10−5 M� yr−1. Note that the f-scale for FeSi is
different from that for SiC.

into iron dust grains therefore increases with decreasing
silicate dust abundance. Secondly, with decreasing abun-
dance of the oxygen not bound into CO the stability limit
of the silicates decreases and at about εC = 0.85εO drops
below the stability limit of solid iron, which does not de-
pend on the C/O abundance ratio. The rapid growth of
iron prior to the onset of silicate condensation and the re-
sulting radiation pressure on iron dust grains then drives
the gas to high outflow velocities which hinders the growth
of silicates by the rapid dilution of the gas. Close to the
critical abundance εC = εC,crit only iron dust is formed in
the outflow with any noticeable abundance.

Figure 16 shows results for the carbon rich side of
the CO abundance ratios. We have plotted the degree
of condensation of Fe into FeSi and the degree of con-
densation of Si into SiC. The degree of condensation of
Fe into iron grains is already shown in Fig. 15. Note the
strongly stretched abscissa in Fig. 16. For carbon abun-
dances εC > εC,crit the fraction of Fe condensed into solid
iron rapidly decreases in favour of the formation of solid
FeSi. The FeSi appears for εC > εC,crit because (i) with in-
creasing C/O ratio only a decreasing fraction of the Si can
be bound into the very strongly bound SiO molecule and
(ii) the second most stable Si molecule, the SiS, cannot

bind all the silicon because the sulphur abundance is only
about one half of the silicon abundance. The excess of Si
then is available to form FeSi, which is more stable than
pure iron (cf. Fig. 4).

For εC > εO the formation of significant amounts of
SiC becomes possible. As Fig. 16 shows the degree of con-
densation of Si in SiC rapidly increases, once the C/O
abundance ratio increases unity. At the same time the
fraction of FeSi decreases again because the SiC condenses
prior to FeSi and consumes the silicon required for the for-
mation of FeSi.

The models are calculated up to a carbon abundance
of εC = 1.1εO. This is probably higher than the C/O abun-
dance ratio for which stars with the peculiar dust mixture
of S stars exist, because at a C/O abundance ratio slightly
in excess of unity carbon dust can be formed, which is not
included in the present model calculation.

7.4. Infrared spectra

A set of synthetic spectra for wind models with Ṁ =
1 × 10−5 M� yr−1 and a set of carbon to oxygen abun-
dance ratios ranging from εC/εO = 0.75 to εC/εO = 1.10
have been calculated in order to explore the effects of the
compositional variations of the dust mixture on the in-
frared spectrum emitted by the dust shell at the M-S-C
transition. The oxygen abundance is held fixed and the
carbon abundance is increased in steps of ∆εC/εO = 0.01.
The details of the radiative transfer calculation in the dust
shell are described in Paper II. The optical constants used
in the calculation for the oxygen rich models (εC < εC,crit)
are the same as in Paper II, for the carbon rich models
(εC > εC,crit) the optical constants of FeSi and SiC used
in the calculation are described in Appendix A.

Figure 17 shows the synthetic infrared spectra.
Figure 17a refers to the oxygen rich mixture (εC < εC,crit)
where the dust in the circumstellar shell is a mixture of
olivine, pyroxene, quartz, and iron. The dependence of the
composition of the mixture on the oxygen to carbon abun-
dance ratio can be seen from Fig. 15. One easely recog-
nises the two silicate features characteristic for amorphous
olivine and pyroxene centred at about 9.7µm and 18µm
and two weak features from glassy quartz. The rather
abundant iron dust component has no spectral features, it
merely acts as a nearly grey background absorption. The
silicate features are very pronounced up to a C/O ratio
of 0.9 and then rapidly vanish, as also may be inferred
from the degree of condensations shown in Fig. 15.

According to the present model calculation some quan-
tities of quartz may be formed, which are responsible for
two clearly visible solid state features centered around
≈8.7 and 20.6µm. These features appear rather pro-
nounced close to the critical abundance ratio εC/εO =
0.975, especially the feature around 20.6µm. This results
from the rather strong quartz feature and the fact that
quartz disappears with increasing C/O abundance ratio as
the last Si bearing dust component. Close to εC = εC,crit
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Fig. 17. Synthetic infrared spectra from circumstellar dust shells for different carbon to oxygen abundance ratios. a) Spectra for
the oxygen rich side with C/O abundance ratios ranging in steps of ∆εC/εO = 0.01 from εC/εO = 0.65 (uppermost spectrum)
up to 0.96 and for the critical abundance εC,crit/εO = 0.975 (bottom) where εC,crit is defined by Eq. (1). The individual spectra
are normalised to the maximum of Hλ and are shifted by a factor of 100.1 each in the plot. b) The same at the carbon rich side
for C/O ratios for εC,crit/εO and from εC/εO = 0.98 (bottom) up to εC/εO = 1.10 (top). The spectra are calculated for wind
models with a mass-loss rate of Ṁ = 1× 10−5 M� yr−1.

the quartz features are no more blended with the strong
silicate features.

Figure 17b refers to the carbon rich mixture (εC >
εC,crit) where the dust in the circumstellar shell is a mix-
ture of solid iron, FeSi and SiC. The dependence of the
composition of the mixture on the oxygen to carbon abun-
dance ratio can be seen from Fig. 16. In this mixture only
SiC has a pronounced absorption band centred at about
11.3µm. The FeSi in principle also has some character-
istic extinction bands in the far infrared spectral region
(Ferrarotti et al. 2000) which, however, do exist only for
very low temperatures T <∼ 200 K where FeSi behaves op-
tically nearly like an insulator. For the circumstellar shell
the dust is much warmer and FeSi then behaves optically
like a metal. The absorption band due to SiC appears in
the spectrum only for εC > εO. In the narrow region of
C-abundances εC,crit < εC<∼ εO where the star spectro-
scopically appears as a SC-star, nearly no SiC is formed
in the outflow.

In the transition region between εC ≈ 0.9εO and
εC ≈ 1.02εO the spectra appear as a practically featureless
continuum. Such an absorption behaviour often is thought
to result from the featureless extinction by carbon dust,
but according to our model calculation this instead is the
result of the featureless iron and FeSi extinction. The true
S stars which neither are capable to form silicate dust nor

to form carbon dust are nonetheless efficient dust facto-
ries, they form nearly pure iron dust or a mixture of iron
and FeSi. The empirical observation of Jura (1988) that
“grains around S stars are more similar to those around
carbon-rich asymptotic giant branch stars than to the
grains around oxygen-rich stars” now finds a simple ex-
planation: it is the similarity of the infrared absorption
properties of C, Fe, and FeSi (resulting from the fact that
all three are electrically conductors) that mimics carbon-
like absorption properties of dust around S stars.

7.5. Empirical mass-loss rates and dust to gas ratios

The dust-loss rates of S stars and their dust to gas mass-
ratios have repeatedly been estimated (e.g. Groenewegen
& de Jong 1998 and references therein) by a method pro-
posed by Jura (1988), which relates the observed flux
at 60 µm to the mass-loss rate. The results depend on
the adopted value of the mass extinction coefficient at
λ = 60µm, for which, following Jura (1988), generally a
value of κ(60 µm) = 150 g cm−2 corresponding to the mass
absorption coefficient of graphite is assumed. Our results
show, however, that the dust mixture around S stars is
dominated by iron and in the carbon rich mixture by a
mixture of Fe and FeSi. We find for the mass extinction
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coefficients at λ = 60µm for these dust materials the fol-
lowing values:

Fe: 12.2 cm2 g−1, FeSi: 21.5 cm2 g−1, C: 145 cm2 g−1. (37)

Iron and FeSi have lower extinction coefficients than car-
bon, cf. also Fig. 10. This means that the dust-loss rates
determined in this way have to be increased by a factor
between about 7 and 12, because the true emissivity of
the dust material is lower than the assumed emissivity.
The precise value of the correction depends on the C/O
abundance ratio and can only be determined by modelling
the dust shells. In any case, the correction brings dust-loss
rates determined by this method for S stars closer to val-
ues determined for M or C stars. The same holds for the
derived dust to gas mass-ratios, which has been claimed
to be lower in S stars (e.g. Bieging & Latter 1994; Sahai
& Liechti 1995) than in M or C stars.

8. Concluding remarks

We have considered the dust formation processes in cir-
cumstellar shells of AGB stars at the M-S-C-transition.
From calculations of the chemical equilibrium mineral
mixture for C/O abundance ratios between 0.65 and 1.1
we have found that solid iron and FeSi should be the
dominating dust species in the circumstellar shells around
S stars. This dust mixture is quite different from the dust
mixtures usually observed to be formed in the circum-
stellar shells around M stars (olivine and pyroxene) and
C stars (solid carbon and SiC).

We have developed a model for the non-equilibrium
condensation of dust in the stellar wind of S stars. The
mineral mixture obtained under non-equilibrium condi-
tions is different from that predicted by chemical equilib-
rium calculations, but the dominating species formed in
the wind are the same as in chemical equilibrium though
in different relative amounts. The model calculations show
that solid iron and FeSi are expected to be the most abun-
dant dust species in dust shells around S stars.

Since for the warm dust observed to exist in the cir-
cumstellar dust shells of AGB stars both, Fe and FeSi, are
electrical conductors, the infrared emission from this mix-
ture should be characterised by a featureless continuum.
According to the synthetic spectra we have calculated for
our models of a stationary wind, the emission from dust
around S stars should show no strong solid state absorp-
tion or emission bands, neither from silicates nor from SiC.
This is in accord with the observational findings.

Despite the similarity of the infrared spectral energy
distribution of S stars the extinction properties of the dust
in S stars are different from that of carbon dust. The re-
peatedly applied method of Jura (1988) for determining
dust-loss rates and to derive from this gas to dust ratios
for S stars needs modification to account for the different
extinction properties of dust in S stars. Mass loss-rates and
gas to dust ratios will be somewhat higher than presently
determined values.

Table A.1. Parameters of the Drude-Lorentz model for the
optical constants of some dust materials.

ε0 ωj ωpj γj

SiC

1 1.494 × 1014 2.712 × 1014 1.488 × 1013

1.991 × 1014 2.247 × 1014 4.092 × 1014

2.045 × 1016 1.076 × 1016 1.746 × 1015

1.752 × 1016 1.418 × 1016 4.627 × 1015

Fe

1 0 1.175 × 1016 2.853 × 1015

0 4.648 × 1015 2.667 × 1013

3.752 × 1015 1.155 × 1016 3.761 × 1015

1.741 × 1016 3.105 × 1016 4.249 × 1016

FeSi

2.212 0 8.374 × 1015 3.852 × 1015

8.780 × 1011 9.807 × 1014 1.001 × 1014

2.045 × 1014 5.211 × 1014 1.148 × 1014

1.383 × 1015 2.003 × 1015 1.177 × 1015

3.643 × 1015 7.158 × 1015 3.958 × 1015

5.664 × 1015 1.711 × 1016 2.383 × 1016

6.684 × 1015 7.735 × 1015 3.945 × 1015

1.065 × 1016 3.109 × 1015 1.513 × 1015

1.461 × 1016 4.953 × 1015 4.304 × 1015

1.863 × 1016 8.788 × 1015 4.589 × 1015

The quantitative results of the present model calcula-
tions depend critically on the adopted values of the growth
efficiencies α, which are not always known with sufficient
accuracy. The results for the wind models should, there-
fore, be considered only as a demonstration of what proba-
bly is going on in the dust formation zone of circumstellar
shells around S stars.
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Appendix A: Extinction by dust grains

The extinction efficiencies Qabs, Qsca of dust grains are
calculated from Mie theory for spherical grains (cf. Bohren
& Huffman 1983). The optical constants n and k required
for this are calculated from an analytical fit to experi-
mental data for the optical properties of the different dust
materials.

The complex dielectric constants ε of the dust mate-
rials are fitted with a Drude-Lorentz model. This model
describes the variation of ε(ω) with frequency ω as the
superposition of a number of Lorentz profiles

ω2
p

ω2 − ω2
0 + iγω

(A.1)
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Table A.2. Polynomial coefficients for calculating the free enthalpies of formation from free atoms for FeSi and NiSi molecules
and for some Fe, Ni, and Si solid compounds. Units for ∆G are Kcal/Mole, pressures are in bar.

Compound Phase a b c d e

FeSi gas 3.28729 × 106 −8.78894 × 104 5.44736 × 101 −1.59335 × 10−2 3.54848 × 10−6

NiSi gas 6.38287 × 106 −1.07255 × 105 2.02338 × 102 −5.46060 × 10−3 2.39700 × 10−6

FeSi sol 1.28292 × 105 −2.26646 × 105 7.49195 × 101 −1.68879 × 10−3 −1.44677 × 10−7

FeSi2 sol 1.19491 × 104 −3.34623 × 105 1.11840 × 102 −4.23977 × 10−4 −7.70794 × 10−7

NiSi sol 3.31257 × 104 −2.31096 × 105 7.38113 × 101 −1.63917 × 10−3 1.41709 × 10−7

Ni7Si13 sol 4.71476 × 105 −2.26229 × 106 7.38716 × 102 −1.94029 × 10−2 1.69815 × 10−6

resulting from damped oscillators with resonant fre-
quency ω0 and damping constant γ.

In the case of electrically conducting materials the con-
tribution of the charge carriers to the complex dielectric
constant can be represented by the Drude model

ω2
p

ω2 + iγω
· (A.2)

Here ωp is the plasma frequency

ωp =
4πe2

m
ne (A.3)

where m is the mass of the charge carriers (electrons,
holes) and ne their number density. γ is the reciprocal of
the mean collision time of the charge carriers. Within the
frame of the Drude model it is related to the d.c. electrical
conductivity σ of the material by

σ =
ω2

p

4πγ
· (A.4)

The dielectric constant in the combined Drude-Lorentz
model is given by

ε(ω) = ε0 −
∑
j

ω2
pj

ω2 − ω2
0j + iγjω

(A.5)

(Bohren & Huffman 1983). The constant ε0 equals unity
if all existing oscillators are considered in the model.
Values of ε0 different from unity are required if oscilla-
tors in the far UV are not considered explicitly but are
included only by their low frequency limit contribution
ω2

p/ω
2
0 (cf. A.1). The model (A.5) automatically satisfies

the Kramers-Kronig relations.
We have determined the constants ε0, ωpj , ω0j , and γj

from a least square fit to experimental data. Table A.1
shows the results for the fitting coefficients for the model
(A.5) to experimental data for some dust materials. The
fit has been performed by using the fit option of the
GNUPLOT software. For SiC optical constants of SiC ac-
cording to Laor & Draine (1993) are used. For Fe data
from the CRC-handbook (Lide 1995) and from Pollak
et al. (1994) have been taken.
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Fig. A.1. Extinction efficiency Qλ of FeSi for 0.1µm sized dust
grains.

For FeSi we used optical reflectivity data from Degiorgi
et al. (1994) and fitted a Drude-Lorentz model (A.5) us-
ing the relation between optical reflectivity and the com-
plex dielectric coefficient (cf. Bohren & Huffman 1983).
For our present calculation we use the data measured at
room temperature (T = 300 K in Degiorgi et al. 1994)
since the infrared emission from dust in mass-loosing AGB
stars is emitted by warm dust. This is particular impor-
tant for the material FeSi, because its low-temperature
optical properties are completely different from its high-
temperature properties. At high temperature T >∼ 200 K
the material optically behaves like a metal, at lower tem-
perature like an insulator. The strong temperature depen-
dence of the properties of FeSi may be seen, e.g., from
Fig. 3 of Ferrarotti et al. (2000). The results of our fit
of the high-temperature data of the optical reflectivity to
a Drude-Lorentz model are given in Table A.1. The ab-
sorption efficiency Qλ calculated for a spherical dust grain
with radius 0.1µm is shown in Fig. A.1 as an example.

Appendix B: Thermodynamic data for Fe-Si
compounds

For the molecules FeSi and NiSi the free enthalpies of for-
mation ∆G from the free atoms are calculated using the
statistical mechanics formula for cp and S (cf. introduc-
tion to the JANAF tables, Chase et al. 1985, for instance).
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The molecular data (dissocation energy, bond length,
vibrational frequency) are taken from vander Auwera-
Mahieu, McIntyre & Drowart (1969). The temperature
dependence of ∆G is fitted by a polynomial of the form

∆G(T ) =
a

T
+ b+ cT + dT 2 + eT 3 , (B.1)

following Sharp & Huebner (1990). The coefficients a, . . . ,
e are given in Table A.2.

Thermodynamic data for the solid compounds of Fe,
Ni, and Si are taken from Barin (1992). The free enthalpy
of formation from free atoms is fitted, again, by the poly-
nomial (B.1). Results are presented in Table A.2.
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