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Dust formation in circumstellar shells

ABSTRACT

The mechanisms responsible for dust formation and
grain growth in dust shells of late type stars are
discussed. Pure SiO or MgO clustering seems to be
the starter process responsible for the onset of con-
densation around early or late-type M-stars, respec-
tively. Silicates can be formed only by chemical sur-
face reactions on these initial condensates. For C-
stars, dust formation is similar to soot formation in
laboratory acetylene flames with some modifications
due to a large excess of free H atoms in the stellar
wind material.

1. Introduction

Dust formation in circumstellar shells has been dis-
cussed several times during the last two decades
(Donn et al., 1968, Tabak et al., 1975, Salpeter,
1977, Draine and Salpeter, 1977, Yamamoto and
Hasegawa, 1977, Draine, 1979, Gail et al., 1984, Gail
and Sedlmayr, 1986, 1987, 1988, Keller, 1987, Fren-
klach and Feiglson, 1989). Most of these discussions
are based on classical homogeneous nucleation the-
ory which assumes (i) that grains of all sizes down to
the molecular region have the same material prop-
erties and (ii) that the lower bond energy of atoms
at the surface of grains can be accounted for by the
concept of surface tension. This concept, however, is
invalid for small particles and usually results in pre-
dictions for dust formation rates which are seriously
in error (Donn and Nuth, 1985).

The dust formation problem, in principle, has
to be studied by means of reaction kinetics to deter-
mine the possible chemical pathways from molecules
to dust. Little has been done up to now for M-stars
(Donn et al., 1981), mainly because the required
data for molecular properties and rate coefficients
are not available. For carbon stars, however, con-
siderable progress has recently been achieved in de-
termining the microscopic processes responsible for
soot formation in these stars (Keller, 1987, Fren-
klach and Feiglson, 1989). In the following sections
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we give a brief description of the problem and of the
results obtained up to now.

2. Principles of the dust formation process

If a gas with a given chemical composition cools
down, it becomes unstable against formation of a
condensed phase at a certain temperature . This
occurs if the cooling trajectory of the gas in the
pressure-temperature plane crosses the stability limit
curve of the condensate given by
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with p; being the partial pressures of the molecules
(or atoms) from the gas phase, from which the con-
densate can be formed and AG is the difference be-
tween the free enthalpy of formation of the solid and
the free enthalpies of formation of the molecules.

Usually for a complex mixture of molecules as
in a stellar wind more than one kind of condensed
material can be formed from the gas species. Then
there exist several different stability limits for forma-
tion of these condensates. In the past, it has often
been assumed (i) that material is formed for which
the chemical system first becomes unstable against
a phase transition and (ii) that this material forms
immediately after crossing of the stability limit. Lab-
oratory experiments, however, show that often it is
not the thermodynamically most stable condensate
which is formed and that secondly condensation oc-
curs only if the gas has cooled for several hundred
K below the stability limit.

The requirement of a strong supercooling re-
sults from the fact, that the condensation process is
a long chain of chemical reactions

1)
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in which molecules and clusters of increasing size
and complexity are formed by assoziation processes
with atoms and molecules from the gas phase un-
til finally they grow to particles macroscopic size.
The onset of condensation requires that the whole
sequence of reactions becomes possible and this re-
quires that all members of the reaction chain can
be formed in sufficient quantities in order that asso-
ciation reactions to the next member on the chain
proceed sufficiently fast that the whole sequence of
reactions from molecules to macroscopic particles is
passed through in a finite time. If only one mem-
ber of the chain is readily dissoziated for the given
temperature-pressure conditions, condensation does
not occur under these conditions. Thus, the abun-
dance of the least stable member on the reaction
chain decides on the possibility or impossibility of
condensation. Usually, the small molecules on the



initial part of the reaction chain are more weakly
bound than the condensate. They are formed in suf-
ficient quantities only, if the temperature is reduced
far below the stability limit of the condensate.
This consideration shows that the rate of for-
mation J, of condensation nuclei is given by

2)

with n., being the particle density of the least abun-
dant intermediate cluster on the reaction chain from
molecules to dust — the critical cluster — which forms
the bottleneck of the whole process. n,, is the parti-
cle density of the growth species responsible for the
transition from the critical cluster to the next, more
stable member of the reaction chain, v the average
thermal velocity of the growth species, o the colli-
sion cross-section and a the association probability.
For condensation under near stationary conditions
it can be shown that n., can be calculated from the
law of mass action

Per = exp (_ A_G )
[Iipi RT
where p,, is the equilibrium partial pressure of the
critical cluster and the p; are the partial pressures
of the molecules from which it is formed (Gail and
Sedlmayr, 1988).

If there exist several competing reaction chains,
obviously the most efficient one with the highest nu-
cleation rate J, wins. This means, that not neces-
sarely the most stable condensate is formed, which
first becomes stable during the cooling process, but
the one for which an efficient reaction chain first
starts to operate.

The process of formation of the critical cluster
depends on the chemical properties of the molecules
and the small clusters. These may be quite different
from that of the final condensate. This means that
the dust formation process and the process of growth
of macroscopic particles have to be treated separatly
since both may involve quite different molecules. Es-
pecially, the grains may incorporate molecules into
their lattice, which do not participate in the grain
formation process, thereby changing their chemical
nature.

Thus, if we intend to unravel out the processes
responsible for dust formation in circumstellar shells,
we have to go through the following steps.

1) We have to determine the molecular compo-
sition of the gas. This determines the raw material,
from which the condensate has to be formed.

2) We have to determine the possible conden-
sates which might be formed from these molecules
by means of (1).

3) We have to find out the possible reaction
path’s from molecules to large clusters and to deter-

Je = ngrvoan,,

2)

Dust in circumstellar shells

70

mine the corresponding critical cluster by means of
(3). Then we have to determine the most efficient
reaction chain operating at the highest temperature
by means of (2). This determines the dust formation
process.

4) For this most efficient nucleation process we
have to determine the growth processes from large
clusters to macroscopic sized grains. This determines
the kind of dust material finally formed in the con-
densation process.

Up to now, it has not been possible to follow this
programm in complete generality. Only very prelim-
inary results have so far been obtained. They are
discussed in sections 4 and 5.

3. Chemical composition of the gas

Observation shows that nucleation and grain growth
is a very efficient process in circumstellar shells — at
least for mass loss rates above M =~ 10~®Mgy~!.
This requires that very abundant and reactive mole-
cules are responsible for the process. Hence we can
concentrate on the chemistry of the most abundant
elements H, C, N, O, Si, Fe, Mg and S. Less abun-
dant elements have to be considered for the nucle-
ation process only if it should turn out that there
exists no efficient nucleation path involving only the
more abundant elements. For grain growth, the less
abundant elements can presently be neglected, since
we know from observations that circumstellar dust
is formed mainly from the most abundant elements
capable of forming condensates under circumstellar
conditions (O, Si, Mg, Fe in M-star shells, C in C-
star shells). The less abundant elements can either
be incorporated as impurities into the main dust
component or form separate but less important dust
components (SiC and MgS in C-stars) and can be
neglected at the present state of the art.

If the molecular abundance in the outflowing
gas would be as in chemical equilibrium then the
chemical composition of the gas is rather simple. For
each element, only simple molecules with the highest
bond energies are present in large amounts. A key
role for the chemistry plays the CO molecule due to
its exceptional high bond energy (cf. Fig.1). The less
abundant of the two elements C and O is completely
tence of a chromosphere. Second, all stars showing
circumstellar dust shells seem to be variables with
periods ranging from = 200d to =~ 1500d. The pul-
sation of the outer layers of the star lead to shock
waves running through the photosphere and far out
into the stellar envelope. These shocks dissoziate all
molecules, which then have to be newly formed. If
the timescale for molecule formation is short com-
pared to the time between passage of subsequent
shocks through a specific gas parcel, the chemistry
will settle to the equilibrium composition described
above, which is mainly determined by element abun-



dances and bond strength’s and (in absence of UV-
radiation) depends little on the specific molecule for-
mation processes.

The most difficult step in molecule formation is
radiative assoziation of two free atoms to a diatomic
molecule. The typical rate coefficient for this pro-
cess is krga &~ 107"cm3®s ™! (cf. Duley and Williams,
1984). The timescale of formation of a molecule of
type AB from A and B (B being the less abundant
element) is

1107
nA

(4)

T = ~
=ng kradna
This has to be compared with typical shock passage
times of 107"%s. Down to particle densities n4 =
101%1cm —3 this process is sufficiently fast for ref-
ormation of diatomic molecules. Thus, hydrogen com-
pounds like CH or OH are readily formed down
to densities typical for the dust condensation and
growth region. From these, other molecules then are
easely formed by exchange or assoziation reactions
since radical reactions involving at least one diatomic
or polyatomic molecule proceed much faster with

rate coefficients of the order of k ~ 10~ 3cm?s~!.

Hydrogen, however, cannot recombine by this
process, since radiative assoziation of homonuclear
molecules is strongly forbidden. The three-particle
reaction H + H + H — H,; + H is efficient only down
to particle densities of ny &~ 10'3cm 3. Indirect for-
mation by reactions like O + H - OH, OH + H —
O + H: proceeds on a timescale (eq.(4)) determined
by the density of oxygen atoms, i.e., it is efficient
only down to densities of ny &~ 10'2cm™3. Then, hy-
drogen only incompletely associates to H, between
passage of two shocks and we expect a strong excess
of free hydrogen atoms compared to chemical equi-
librium. Unfortunately, no model calculation exists
for this problem and we do not know the exact de-
gree of deviation from equilibrium.

The free hydrogen radicals are strongly reactive
and hydrogen abstraction reactions of the type X-H
consumed by forming CO and only the excess of the
more abundant of the two elements is available for
forming additional molecules. In M-stars, for this
reason no carbon compounds can be formed while in
C-stars no oxygen compounds can be formed. This
is the origin of the completely different chemistry of
M- and C-stars. The nitrogen molecule N3, too, has
an exceptional high bond energy with the result that
all N is blocked in this molecule. Both, CO and N,
are very unreactive and cannot be involved in the
dust formation process.

With respect to dust formation we are inter-
ested in the molecular composition for temperatures
below = 1500 K. Then in M-stars, the silicon is com-
pletely associated to SiO due to its very strong bond
energy. The excess of O over Si forms mainly OH
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Fig. 1. Bond strength of diatomic molecules and of some bonds

in polyatomic molecules.

or Hy0. Magnesium is mainly present as Mg and
MgOH and small amounts of MgO. Iron is essen-
tially present as free atom and sulphur as free S and
H,S. In carbon stars, essentially all carbon is bound
in C,H, and in small amounts of HCN. The remain-
ing less abundant elements are probably unimpor-
tant for the formation of the observed carbon dust.

There are two reasons, however, which may be
responsible for deviations from a chemical equilib-
rium composition. First, the central star may have
a chromosphere. Its UV-emission then is the source
of ionization and dissoziation of gas particles in the
wind, thus driving a chemistry far from chemical
equilibrium (Clegg et al., 1983). This is important
for early-type M-stars, but probably unimportant
for the much cooler late-type M-stars and C-stars,
which generally show no indications for the exis-
+ H — X- +H, are very efficient, since they usually
involve only minor or no activatiation energy barrier
if the indicated reaction is exothermic. From simple
kinetic considerations the equilibrium abundance of
radical sites is given by

nx.
nX-H

— I PX-PH; - (5)

NH, PX-HPH

where the p’s are partial pressures in chemical equi-
librium. For M- stars this means, that hydrides will
not exist, if there is a strong excess of H over H,
compared to chemical equilibrium. For C-stars this
means, that the usually rather unreactive hydrocar-
bons are partially stripped of their hydrogen atoms
and become very reactive radicals. This has severe
consequences for the chemistry of the dust formation
process.

Molecules with very strong bonds like CO, N;
and SiO, however, are not attacked by the free H



atoms since breaking of their bonds to form hydrides
would be a strongly endothermic process. They will
be formed in quantities like in equilibrium.

4. Dust formation in shells of M-star

For M-stars, the chemical composition of the gas
phase depends on the spectral type.

Early-type M-stars have small mass-loss rates
and form only small amounts of dust. They have a
warm chromosphere with a non-negligible UV out-
put (Carpenter et al., 1985). The chemistry of the
outflowing gas then is far from chemical equilib-
rium and determined by ionization, recombination
and ion-molecule reactions. This has been discussed
in detail by Clegg et al., 1983, Goeres et al., 1988,
Henkel, 1990. The most abundant neutral species
are O, Fe and SiO. The elements Si, Fe, Mg and S
are present maynly as ions.

Late-type M-stars show high mass-loss rates and
copious dust formation. They show no indication for
the existence of chromospheres but shocks are run-
ning through their outer layers, since they are vari-
ables. The chemistry in these stars probably is de-
termined by neutral radical reactions. As has been
argued above, the most stable molecules CO, N, and
SiO of the abundant elements will then be formed
in quantities as in chemical equilibrium while less
stable molecules like MgOH (very abundant in equi-
librium) will be reduced by the excess of free H
atoms. From (5) one shows (thermochemical data
from JANAF-tables)

IMgO _ 5 g,—277/T M'H (6)
NMgOH nH,

Then nmgo/nMgon ~ 4nu/nu, at T=1000K. MgO,

thus, is an abundant molecule.

The type of dust material formed in both cases
seems to be clear from observation. The 9.7x and
18u features clearly point to silicates while the width
of these features and the absence of structures in it
points to a strongly amorphous structure of the con-
densate. It is very likely that the abundant elements
Fe and Mg can easely be incorporated into the dust
material, i.e., we expect the formation of amorphous
Mg-Fe-silicates.

This material, however, cannot be formed di-
rectly from the gas phase. It is known from the
laboratory that all silicates on vaporization decom-
pose into free atoms and SiO. Very small silicate
molecules are unstable; they are stabilized in a large
lattice by Coulomb attraction within an ionic lat-
tice. Thus, silicates can only grow on preformed sta-
ble condensation nuclei of a different nature, which
collect the necessary atoms and molecules from the
gas phase and form a silicate structure by chemical
surface reactions.
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The reaction chain for dust formation then has
to start with formation of some kind of stable clus-
ters from the abundant and reactive molecules pre-
sent in the gas phase. The most attractive possibility
is clustering of SiO to pure (SiO), clusters since this
molecule is very abundant in the gas phase. Cluster-
ing of the abundant free Fe (in early and late-type
M-stars) or Mg (in late-type M-stars) can be ruled
out since (i) the dimers Fe; and Mg, have extremely
low bond energies (these molecules don’t exist until
the temperature becomes very low) and (ii) forma-
tion of these molecules by radiative association or
three-particle collisions is extremely slow.

Condensation of pure SiO has been studied in
the laboratory by Nuth and Donn (1982, 1983) and
theoretically by Donn et al., 1981. Extrapolating the
results of Nuth and Donn (1982) to circumstellar
conditions one obtains a condensation temperature
of =~ 600K. This fits well to observed dust condensa-
tion temperatures (c.f. Rowan-Robinson and Harris,
1982, 1983a) in shells of early type M-stars. Hence,
SiO clustering is a possible and likely process for for-
mation of the first stable polyatomic clusters in the
outstreamig gas of early type M-stars, which later
grow to silicates by chemical surface reactions.

For late-type M-stars, however, clustering of SiO
definitely starts at a much lower temperature than
the observed condensation temperature of ~ 1000K
(Rowan-Robinson and Harris, 1982, 1983a). A dif-
ferent process for initiation of condensation operates
in these shells, since the much higher condensation
temperature needs different thermochemical prop-
erties of the critical cluster (cf. egs. (2) and (3)).
The most attractive possibility then is clustering of
MgO since (i) this molecule is abundant and (ii)
assoziation reactions between molecules with ionic
bonds are fast. Additionally clusters of molecules
with ionic bonds tend to be more strongly bound
than the free molecules ore even the solid condensate
(cf. Martin, 1983, for NaCl clusters). In this case,
the critical cluster is the free molecule and the onset
of condensation then coincides with the formation
of the molecule. Definite results for this nucleation
mechanism are not yet available but model calcu-
lations for the properties of such clusters (Kéhler
and Gail, 1991) indicate, that clustering of ionic
molecules may be responsible for formation of the
first stable polyatomic clusters in winds of late type
M-stars.

5. Dust formation in shells of C-stars

The main dust component formed in carbon stars is
some kind of soot. This material has to be formed
from acetylene, since (i) this is the major carbon
bearing gas species (in addition to the unreactive CO
molecule) and (ii) the observed high efficiency of the
dust formation process requires that a very abun-



dant molecule is responsible for soot formation. Soot
formation from acetylene flames has been subject
of intense laboratory research (Harris and Weiner,
1985, Wieschnowsky et al., 1988, Bockhorn et al.,
1989). These experiments show that the soot con-
sists of large fused aromatic ring systems. At least
part of the smaller soot particles formed in flames
are PAH’s. The larger particles observed in the lab-
oratory are formed by coagulation of smaller parti-
cles.

We can safely expect that the dust material
formed in the winds of C-stars is similar to that in
flames. The precise formation mechanisms, however
may be somewhat different due to differences in the
formation and growth conditions: (i) the hydrogen
is strongly in excess over carbon, contrary to flames,
(ii) there exists a strong excess of free H compared
to chemical equilibrium and (iii) coagulation is not
important in stellar winds.

The presence of free hydrogen atoms results in
large amounts of radical sites due to hydrogen ab-
straction reactions. From eq.(5) one shows (using
thermochemical data from Benson, 1976)

nC,H =15 6—7900/T nH

NC,H, TH, (6)
n - n
C2 _g 5—12500/T TH
nC,H NH,

For T=1000K we obtain nc,u/nc,n, ~ 10~%ng/ny,
and ng,/nc,n ~ 10~°ny/ny, , i.e., depending on
the actual H/H,-ratio which is not well known at
present, we have a small to large fraction of C,H
radicals, but certainly no bare C-chains. For hydro-
gen attached to PAH’s one shows (X denotes a PAH
with a stripped H atom)

nx
nX-H

i.e, nx/nx-n =~ nu/nu, at T=1000K. At the edge
of PAH’s then we have a significant fraction of radi-
cal sites. They easily allow attachement of C;H, by
means of one of the reactions X- + H-C=C-H —
X-C=C-H + H or —» X-(CH)=C-H, which proceed
nearly at the collisional rate. This suggests a mech-
anism of addition of a new ring to an existing PAH
shown in Fig.2, which has been proposed for PAH
growth in flames by Frenklach and Warnatz (1987).
In stellar winds this is a natural consequence of the
strong excess of free H atoms.

Not defintely solved is the problem of forma-
tion of the first rings in stellar winds. The obvious
starting process is formation of polyacetylenes by re-
actions like C,H; + CoH — C4H, + H,C4H, + CoH
— CgHz + H, .... The corresponding polyacetylene
radicals C;,H are observed in stellar winds. Addi-
tionally by such reactions one obtains the cyanopoly-
acetylenes NC-Cz,H if a chain reacts with the less

; nH
=4.5¢ 3300/T r
nH,
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Fig. 2. The sequence of hydrogen abstraction and acetylene ad-
dition reactions responsible for PAH growth in shells of carbon

stars.

abundant but not rare molecule HCN or radical CN.
Such molecules are observed in circumstellar shells.

The polyacetylenes are linear molecules. To ob-
tain ring structures, at least one of the triple bonds
has to be changed to a double bond to form a bent
molecule which closes to the first ring. Two different
reaction chains involving such steps have been pro-
posed by Keller (1987, see also Gail and Sedlmayr,
1987) and Frenklach and Feiglson (1989).

Keller has calculated the thermal equilibrium
abundances of all possible small intermediate mole-
cules between C,H; and small PAH’s and worked
out the most efficient reaction path under circum-
stellar conditions (cf. Fig. 2 of Keller, 1987). A pre-
liminary model calculation (Gail and Sedlmayr, 1987)
shows that this nucleation path approximately re-
produces the observed condensation temperature.

Frenklach and Feiglson proposed a different re-
action path for PAH formation based on solving nu-
merically the chemical reaction network including a
large number of intermediate molecules possibly in-
volved in formation of the first rings from C,H; and
many reaction types. From the solution, the most
efficient reaction path can be determined (cf. Fig.2
of Frenklach and Feiglson, 1989).

Both results differ only in the mechanism re-
sponsible for formation of the first two 6-rings. Be-
yond that step, the reaction paths for formation of
multiple fused 6-rings are identical. The origin of
the difference between the two proposed reaction
paths up to the CyoH7 radical seems to be the de-
gree of disequilibrium of the H, dissoziation. Fren-
klach and Feiglson started the numerical integration
of the chemical reaction network with nearly chemi-
cal equilibrium abundances at the base of the wind.
The small degree of dissoziation disequilibrium in
their calculation then results from the freeze out of
the slow H,-formation reactions in the expanding
and diluting wind. Keller (1987) determined reac-
tion paths both for near equilibrium H/H; ratio and
for a strong disequilibrium due to shock dissoziation
and inefficient recombination processes. For a near
equilibrium H/H, ratio, he obtained a similar re-



action path from C;H; to C;oH7 as Frenklach and
Feiglson (1989), while for a strong disequilibrium he
obtained a quite different reaction path due to the
high abundance of reactive radicals.

Which of the two mechanisms is the correct
one, presently cannot be decided until reliable cal-
culations for the H/H;-ratio in the wind become
available. The inefficient production of PAH’s in the
model of Frenklach and Feiglson (1989) seems to in-
dicate, however, that the efficiency of the growth
process is severly underestimated due to the rather
low abundance of free H atoms in their model calcu-
lation which in turn points to a much higher abun-
dance of free H in a real stellar wind. The whole
picture of the mechanism of ring closure, however,
may change drastically if improved reaction rates be-
come available since the details of both mechanisms
critically depend on the often not very accurately
known rate coefficients.

With respect to grain growth, up to now only
the formation of planar PAH-structures has been
discussed. Keller (1987) has pointed out, however,
that the inclusion of 5-ring structures is favourable.
In real grain growth, thus, the carbon network prob-
ably contains a certain fraction of pentagons, which
will result in growth of non-planar structures. As
an extreme case, one might form the famous Ceo
footballs (which, however, would form an endpoint
of the particle growth process). The formation of
this molecule is discussed by Goeres and Sedlmayr
(1991). Additionally, the less abundant (a few per-
cent) HCN or CN could be attached to the boarder
of PAH’s, inhibiting the formation of new rings at
this place due to the unreactive N-atom at the end
of this group. This probably will favour the growth
of irregular networks of fused carbon 5- and 6-rings.

6. Concluding remarks

In the preceding sections we have discussed chemi-
cal pathways to circumstellar dust condensation. It
is shown that the conditions under which dust is
formed strongly restricts the number of possibilities
for the actual condensation mechanism:

1) Pure SiO clustering in early-type M-stars where
dust condenses around 600K.

2) Probably pure MgO clustering in M-stars where
dust condenses around 1000K.

3) A mechanism for formation of the first 6-rings
followed by repeated steps of hydrogen abstrac-
tion and acetylene addition similar to but not
identical with the soot formation process in lab-
oratory acetylene flames for carbon stars.

Many problems, however, have not yet been solved.
Thus, presently we have some ideas about what is
going on in dust forming circumstellar shells, but
much future work is required to obtain a quantita-
tive understanding of dust formation in such objects.
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