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Abstract. A historical overview about the development of thermodynamic calculations
and their application to stellar atmospheres is given. Thermochemical equilibrium chem-
istry for major and trace elements in carbon star atmospheres is discussed. The calcula-
tions indicate TiC, graphite and SiC dust formation within 1-3 stellar radii from the
photosphere. Trace element abundance patterns observed in circumstellar SiC grains iso-
lated from meteorites are modeled by fractional condensation. The complementary trace
element patterns in SiC grains and those in N-star atmospheres are plausibly explained by
fractional condensation during stellar variability cycles.

INTRODUCTION AND A HISTORICAL PERSPECTIVE

The ~4000 known carbon stars form a relatively small group among the late
type red stars. Most of the red stars are normal oxygen-rich giants of types G,Kor
M. In the 1860s Secchi [1] realized that stars with different colors also show dif-
ferent spectra and he recognized a group of red stars with curious spectra, which
he termed "class four". By the early 1900s these stars were grouped into spectral
classes R and N by Pickering [2,3] at Harvard and the R and N classification came
into use in the Henry Draper catalog. The cause of the violet absorption in these
peculiar stars was unclear at the time, but it seemed that R stars formed a parallel
temperature sequence to normal G and K giants while the cooler N stars were
closer to normal M stars and to the small group of S-stars. Spectral analyses by
Rufus in 1916 [4] showed the enhanced presence of carbon-bearing molecular
lines in R and N stars and the term 'carbon-stars’ came into use.

Shortly afterward, Wildt (1929 [5]) started the field of thermodynamic model-
ing of molecular bands in stellar spectra. Recognizing the overwhelming number
of possible compounds present in stellar atmospheres of late type G, M, S, R, and
N stars and not having either powerful computers or large thermodynamic data-
bases available, Wildt states 'An die vollstindige Berechnung des Gleichgewichts
eines solchen "Vielstoffsytems" wie einer Sternatmosphire ist nicht zu denken’ !
Thus, his calculations were restricted to selected gas phase equilibria.

' 1t is inconceivable that a complete equilibrium calculation of a "multi-component” sys-
tem such as a steilar atmosphere can be performed
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Table 1 lists many of the subsequent thermodynamic studies of carbon-star at-
mospheric chemistry. In general, the evolution of thermodynamic models pro-
ceeded in parallel with advances in spectroscopic studies of carbon stars, and was
greatly aided by the invention of mainframe and later of personal computers, the
development of powerful algorithms for multicomponent chemical equilibrium
calculations, and by compilation of thermodynamic databases that include many
species of interest in stellar atmospheres. More recently, the discovery of circum-
stellar grains in meteorites provided impetus for improved thermodynamic model-
ing of major and trace element chemistry in carbon star atmospheres.

Rosenfeld in 1933 [6,7] and Russell in 1934 [9] independently made thermo-
dynamic calculations of gas chemistry in carbon stars, and it became clear that the
increased C/O ratio favored increased abundances of carbon-bearing molecules
suspected to be responsible for the violet depression in carbon stars. In the 1960s
and 1970s, Tsuji [15,23] performed extensive calculations for gas chemistry of
major and trace elements. His work is still an important reference for molecular
speciation in carbon stars. More recent advances in thermochemical equilibrium
calculations include consideration of large numbers of potential condensates, trace
element solid solution formation, and inclusion of complex organic molecules,
such as polycyclic aromatic hydrocarbons (PAHs) or polyynes [31,33,34,36].

The spectral classification of carbon stars has been debated since the early
spectroscopic studies. Neither the R and N classification nor the C classification
(based on the C, band strength and temperature) introduced by Keenan and Mor-
gan 1941[37], and further developed by Yamashita in the 1970s [38,39], represent
a good description of the spectra. The latest revisions in carbon star classification
schemes can be found in Keenan 1993 [40] and Barnbaum et al. 1996 [41].

It is now apparent that the N and R stars do not form a continuous series and
that these stars belong to different stellar populations [40]. Table 2 lists mean pho-
tospheric temperatures, abundances of some elements on the astrophysical atomic
scale (log N(H) = eH = 12.0), C/O and carbon isotope ratios for M, S, C-R and
C-N stars, for another small group of cool, *C-rich "C-J" stars, and for reference,
the solar data. Of particular interest here are the differences in effective tempera-
ture and chemical composition of the carbon stars.

For example, the C-R stars are hotter than the C-N stars. The C-N stars also
show higher abundances of s-process elements such as Zr, Sr, and Ba (see Figure
1). The overabundance of Ba in C-N stars was detected as early as 1920 by Shane
[42]. More recent work by Kilston [43], Utsumi [44,45] and Dominy [45,46]
showed that s-process element abundances (e.g., Y, Zr, Sr, Ba, rare earth ele-
ments (REE)) reach 10-100 times solar values in C-N stars, while these abun-
dances are basically solar in C-R stars. The ongoing s-process in C-N stars is also
reflected by the presence of Tc in most of their spectra (e.g., [47]).

This is a similar situation as observed in M and S stars. The S-stars (C/O > so-
lar to ~1) show ZrO bands that are stronger than the TiO bands, indicating s-
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process element enrichments, while M-stars generally have abundances close to
solar and relatively weak or no ZrO bands. The increased Zr abundances in S stars
were already suspected by Wildt in 1929 [5]. The later thermodynamic modeling
by Bouigue 1957 [10] and Cowley 1962 [12] showed the need for increased Zr,
Sr, and Ba abundances in C-N stars. However, as discussed below, a uniform s-
process enrichment in C-N star abundance patterns (Figure 1) is only one possibil-
ity. Fractionated elemental abundance patterns for C-N stars are also observed and
may be caused by fractional condensation of trace elements into grains.

TABLE 2. Properties of Cool Stars Compared to the Sun

M S C-N C-J C-R  Sun (G2V)
T (K) 3500+£100 35304120 26501250 26504250 4600+200 5780
eC 8.52 8.55 8.75 8.72 9.08 8.55
&N 8.28 8.77 7.78 7.78 8.64 7.97
0] 8.86 8.75 8.71 8.62 8.86 8.87
cFe 7.37 7.36 7.53 7.58 7.4 7.51
s-process 1 ~10 10 - 100 1 1-2 =1
elements/solar
Char. Bands TiO (VO) ZrO (La®) ---——--C, CN CH -----———- Ca, Fe
Tc present few several several no no no
C/O 0.45 06-1 1.1440.12 1.15%#0.15 1.66 0.48
2Cre 1314 22+14 30-80 3-5 7+4 89
11.3 um SiC em. no no yes yes few N/A
7.5/23 um no no some ? ? N/A
am. C emission
9.7 um silicate yes yes no some ? N/A
emission
dM/dt (Mg/yr) 107-10° 107 5x10°-3x10° 10°-107 ? 10"

Sources: [43-53]. N/A = not applicable.

L T 1 T ¢t T ] T—T1T 1 ’. T T 1 T T 1 1 T T T T 1T T 7T ¥ ¥ T
2F -+ + 2
C-J Stars C-R Stars
g ]
8,1 ~ -+ o 4 1
0t C-NStars L 4 40
i1t v 1§t { { S S T N U S | 1l d 11 ) IV S |

CaTi VSrY ZrBalaNd CaTi V SrY ZrBalaNd CaTi V SrY ZrBaLaNd

Figure 1. Elemental abundances in C-N, C-R, and C-J stars normalized to solar abun-
dances [54] and Fe. The notation is: [X/Fe] = log (X/Fe)star - log (X/Fe)solar. The en-
hanced abundances of s-process elements in C-N stars are clearly visible. The
uncertainties are about 0.5 dex (with those for REE probably larger), which is reflected in
the scatter of the C-J and C-R data sets. All data from Utsumi [44].
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The C-R stars have °C enrichments close to the CNO equilibrium value of
2¢/BC = 3.5, while the respective ratios in C-N stars range from 30-80 and are
closer to the solar value (~89). The s-process element abundances and the ?C/"°C
ratios of the small group of C-J stars are comparable with those of the C-R stars.
However, C-J stars have lower effective temperatures and somewhat smaller C/O
ratios than C-R stars, and these properties are closer to those found for C-N stars.

The IRC two micron sky survey [55] and the observations from the Infrared
Astronomical Satellite (IRAS) [56] revealed that a large fraction of the late type
C-N and C-J stars radiate more strongly in the infrared than expected. The infra-
red excess is generally explained by thermal radiation from dust particles, which
condensed and produced a circumstellar envelope (CSE). Earlier, Rosen &
Swings 1953 [57,58] had suggested that solid carbon particles around a star could
be responsible for the strong violet opacity in late N-type carbon stars.

In 1929, Wildt [5] concluded 'Kondensation scheint selbst in den kiihisten
Sternatmosphéren nicht einzutreten” but later in 1933, Wildt 8] explored conden-
sation in reduced stellar atmospheres and predicted reduced condensates such as C
and possibly SiC. Guided by the high melting points and high stabilities of refrac-
tory compounds, Wildt suggested that carbides and nitrides of Ti, Zr, Sc, and V
may be the first condensates to form in N-star atmospheres. A thorough investiga-
tion of graphite condensation, grain formation times, and grain sizes was done in
1962 by Hoyle & Wickramasinghe [13]. Their paper includes several key conclu-
sions that were rediscovered later by other authors. Wildt's 1933 prediction of SiC
condensation in carbon stars was apparently forgotten. Over 35 years later in
1969, Friedemann [21] and Gilman [22] independently predicted SiC condensa-
tion in carbon stars. Friedemann also studied SiC formation timescales. Gilman's
paper was the first work after Wildt in 1933 to include condensates other than
graphite and to study the effect of C/O ratio on types of condensates in cool stars.
Most modeling of carbon star chemistry did not include any condensates, or only
C and SiC condensation (Table 1). Although not applied to carbon stars, Larimer
1975, Larimer & Bartholomay 1979 [59,60], and Lattimer et al. 1978 [61] also
calculated major element gas chemistry and condensation for C/O ratios > unity.

The emission of radiation by dust in CSE prevents visual observations of
some carbon stars, and several carbon stars were only detected by the IRC or
IRAS surveys. Gilra 1972 [62] suggested that SiC dust produces the 11.3 pm
emission band and Forrest et al. 1975 [63] concluded that excess IR emission at
8-14 pum in carbon stars is probably due to SiC grains. Since then, the 11.3 pm
SiC dust emission has been used to classify carbon stars (e.g., [56,64]), while the
9.7 pm silicate emission has been used to characterize cool oxygen-rich stars.
Both SiC and silicate emission is detected in several C-J stars. The reason for this
dual emission is still under investigation (e.g., [65-67]).

2 Condensation does not appear to occur in even the coolest steliar atmospheres.
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The number of carbon stars is small, but their contribution of reduced dust to
the interstellar medium (ISM) is significant. Thronson e? al. [68] estimate that car-
bon stars provide 10-50% of the 0.35 My/yr of dust contributed by AGB stars to
the ISM. Epchtein er al. {69] suggest an even higher dust contribution of 0.5
Mg/yr from infrared carbon stars alone. The presence of C or SiC dust in the ISM
is not yet observationally established; only silicates have been identified [70,71].
Carbonaceous dust may have subsequently become coated by oxide layers or ice
in the ISM so that detection of the SiC absorption is prevented [71]. Nevertheless,
graphite and SiC grains should be present in the ISM because they are observed in
stellar outflows and they were certainly present in the cloud of gas and dust which
formed the solar nebula, as the meteoritic evidence shows.

Modern laboratory techniques allow the isolation of 0.8-7 pm sized graphite
and 0.2-10 pm sized SiC grains from meteorites for detailed chemical, isotopic
and structural analyses (see review by Anders & Zinner 1993 {72]). The isotopic
compositions of these refractory grains clearly point to their presolar origin with a
larger fraction of them most likely originating in N-star atmospheres, as discussed
by Gallino and coworkers in the early 1990s [73,74]. These grains found their
way into the gas and dust cloud which eventually collapsed to form our solar sys-
tem and survived subsequent heating and condensation processes in the solar neb-
ula before they became incorporated into meteorite parent bodies.

The laboratory investigations by Bernatowicz and coworkers [75,76] reveal
that other refractory grains such as TiC and (Zr,Mo)C are present in the SiC and
graphite grains. Thus, by implication, these trace element carbides must also be
present in stellar atmospheres, but their direct observation is hindered by the rela-
tively low abundances of Ti, Zr or Mo. The analyses of trace elements (such as V,
Sr, Y, Zr, Ba, REE) in SiC grains by Amari et al. [77] also showed that trace ele-
ments are incorporated to different extents in SiC. The possibility of pure major
and trace element compound condensation and solid solution formation of trace
elements with preexisting condensates was explored from 1982 onward by Fegley
and Lodders (summarized in [34]). The next sections describe some results of
these calculations. The condensation calculations pinpoint the types of carbon
stars responsible for presolar carbonaceous grains found in meteorites and provide
information complementary to that from isotopic studies.

THERMODYNAMIC EQUILIBRIUM CALCULATIONS

In this section we describe our thermochemical equilibrium calculations to-
gether with some results reported in the literature. We focus the discussion on
condensates and present a description of gas phase chemistry elsewhere. The next
section illustrates the computational procedure using corundum (Al,O,) and Fe
metal condensation as examples. Readers familiar wit® thermochemical
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equilibrium calculations may want to skip to the section "Applicability of thermo-
chemical equilibrium to stellar atmospheres".

Computational procedures

The condensation of Al, Fe, or another element in a stellar atmosphere is de-
termined by several factors: the total pressure, the elemental abundances which
determine the partial pressures in the gas, the distribution of an element between
different gases and condensates, and the vapor pressure of the element. We use a
computer program (CONDOR) to do the necessary calculations involved in con-
sidering these fattors. The code operates by simultaneously solving for mass bal-
ance and chemical equilibrium for 2000 gaseous and 600 condensates of all
naturally occurring elements [34,78,79].

In the case of Al, the total abundance of Al in all forms is 4(Al), which is the
solar or stellar abundance of Al. The total mole fraction (X) of Al is then:

Xz = A(Al)/(A(H+H,+He) M

where A(H+H,+He) is the sum of the H and He solar or stellar abundances with
the temperature dependent H and H, equilibrium taken into account. In the actual
computation, other gases such as CO, H,0, N,, Ne, ions, etc. are also included in
the denominator, but neglected in the description here for clarity.

Multiplying X;4, by the total pressure P; gives the pressure of Al in all forms,
which is equal to the partial pressure sum for Al :

Peai = XsalPr =P+ Puo + Paroy + - 2)

Equation (2) can be rewritten in terms of the thermodynamic activity of Al (a,)),
the equilibrium constants (K;) for forming the Al gases from the constituent ele-
ments in their reference states, and the thermodynamic activities and fugacities of
other elements combined with Al in gases:

PZ 4l = XY 4Pr= aAI[KAl +K,410f002'5 + KAlOHf(%SfI.?Z'S + ] 3)

The actual mass balance sum for Al in the CONDOR code includes 58 Al-bearing
gases. The four most important ones in a solar composition gas are Al, AlO,
AlIOH, and AlIH while in a reduced gas, only Al and AIH are important.

Analogous forms of equation (3) are written for each element in the code. The
equilibrium constants (K;) in the equations are taken from thermodynamic data
compilations such as the JANAF Tables. The compounds in the CONDOR code
and the thermodynamic data sources used are listed in [34,78,79].
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As evident from equation (3), the chemistry of different elements is coupled.
The mass balance equations form a set of coupled, nonlinear equations which are
solved iteratively. An initial guess is assumed for the activity or fugacity of each
element. These guesses can be optimized if the major gas for each element is
known but this is not necessary for the code to operate properly. CONDOR solves
the set of mass balance equations and gives the thermodynamic activity or fugac-
ity for each element, the abundances of all gases (moledules, radicals, atoms, ions)
included in the code, and information on the quality of the calculated results for
each element. The convergence criterion requires that the calculated and input
abundances for each element agree to within 1 part in 100,000 or better.

Stabilities of condensates are computed considering compound formation
from the elements in their respective reference states. For example, the reaction:

2 Al(g) + 1.5 0, = ALO; (s) 4

is used for corundum. Condensation occurs when the thermodynamic activity of
AlLO; reaches unity and this is calculated from:

aA1203 = a5fo; Kano, (5)

where K pos 1S the temperature dependent equilibrium constant for corundum and
a,, and f,,, are taken from the gas.phase equilibrium calculations described above.
The stabilities of all 600 possible condensates are computed in a similar fashion.

Once corundum condenses, the fraction of Al (a,,) in corundum is calculated
and the gas phase abundance of Al (Py,) is reduced by multiplying by (1-a.,).
Analogous corrections are made for all elements distributed between the gas and
condensates. The gas phase and gas-solid chemical equilibrium calculations are
coupled and are done simultaneously using iterative techniques.

Equations (3) and (4) show that the Al chemistry is affected by the oxygen fu-

aacity, which in turn depends on the distribution of oxygen between CO, H,0,

gaClily, WIICH 111 I GOpRAlCs O 200 ARl DL LAY 11 DC

SiO, and other O-bearing gases. The mass-balance sum for oxygen is:

PZO =X oPr=2fo, +f00'25[KcoaC +KHzOfH2 + Ksioasi + ...] (6)

where a. and ag; are the thermodynamic activities of carbon and silicon. Because
the solar O/C and O/Si atomic ratios are ~ 2 and ~24, respectively, SiO is less im-
portant than CO and H,O for controlling the fO,. As the C/O ratio increases the
CO/H,0 ratio increases and fO, decreases. Eventually AIN becomes the initial Al-
bearing condensate instead of Al,O; (see section 'Major condensates’).

The chemistry of other elements, such as Ti, Zr, La, or Ce, also changes as the
C/O ratio increases and fO, decreases. In the case of Ti, two important Ti gases
are Ti and TiO, and the Ti mass balance sum is:
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Py =X2nPT=aTi[Kn+KTi0fg'25 +..] )]

As fO, drops, Ky, >> Ky;o(fO,)*° and the TiO (g) abundance also drops. This
chemistry is reflected by the disappearance of TiO bands as we go from M-stars
(C/O ~ 0.45) to carbon stars (C/O > 1, see Table 2).

For some elements, the gas chemistry is independent of C/O ratio. This is par-
ticularly true for the Fe and Ni-group metals in the periodic table. For example,
monatomic Fe gas is the dominant Fe species at any given C/O ratio. The conden-
sation reaction is: ,

Fe (g) = Fe (metal) 8

for which the equilibrium constant is:

log (Kf,) = log (ap/Pr) = A +B/T ®
and the condensation temperature follows from:

2= 1=Ky Py, sothat -logPp=A +B/T (10)

The reverse of reaction (8) is nothing else than the evaporation reaction of Fe
metal to Fe (g), for which we can write the vapor pressure equation log P =
A'+B'/T with A' = -A and B' = -B. Therefore, the equilibrium condensation tem-
perature is the temperature where the gas partial pressure (P;) equals the vapor
pressure (P,,,) of the condensing species. In other words, the saturation ratio S =

P/P,,,= 1 equals the thermodynamic activity a;.
Applicability of thermochemical equilibrium to stellar atmospheres

As discussed below, pressures in stellar atmospheres are typically smaller than
10° bars and we have to ask if thermochemical equilibrium applies. The success
of thermochemical equilibrium calculations in reproducing the relative abun-
dances of various species observed in stellar atmospheres shows that equilibrium
applies for gas near the photosphere where sufficiently high pressures and tem-
peratures are present (see also Tsuji [15,23]). As gas travels outwards from the
photospheric region, gas outflow time scales become small relative to chemical
reaction times, and chemical equilibrium is not reached in the low pressure and
temperature regions in the outer CSE. Instead, thermochemical equilibria become
frozen in at different distances and photochemistry determines the chemical
changes occurring in the gas (see Glassgold [80]).

If gases equilibrate in regions near the photosphere, we may expect that gas-
solid equilibria also occur. However, a large body of work implies that ideal con-
densation (i.e., S = 1) does not occur, but that the gas has to be supersaturated for
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condensates to nucleate. We find that calculations using S = 1 satisfactorily repro-

sduce the observed locations of dust in CSE and that the calculated condensation

sequence agrees with laboratory studies of presolar grains. We also discuss some
aspects of supersaturation for graphite condensation.

The next sections give the necessary physical and chemical input parameters

for the calculations related to carbon star CSE. We then present results for major

element condensates, followed by SiC trace element abundance pattern modeling.

Chemical and Physical Input Parameters in the Calculations

The bulk elemental abundances, and pressure (P) - temperature (T) conditions
in carbon star atmospheres are needed for the condensation calculations. Much
progress has been made in determining these properties. However, there is one
particular property of carbon stars, namely stellar variability, which complicates
the modeling. Most carbon stars belong to the group of pulsating variable stars,
which are stars with periodic changes in brightness.

The discovery of stellar variability dates to August 12, 1596, when pastor
David Fabricius in Ostfriesland, Northern Germany, began observing a star in the
constellation Cetus (seca monster). Initially a red star of second magnitude, the star
began to fade and eventually disappeared in October of the same year (note that at
this time telescopes were not yet invented). It took until February 1609 for Fabri-
cius to find the star again, which had miraculously returned’. This star, subse-
quently named o Ceti and Mira (the wonderful), has become the prototype of long
period variable stars. Most of the carbon stars fall within three groups of variable
stars: (1) Mira variables with well expressed variability and periods from 80-1000
days, (2) SR variables, semi regular variables with well defined periods from
50-300 days with appreciable irregularities, and (3) Lb variables, which are ir-
regular pulsating variables (see Catalogue of variable stars [100]).

In the last century, Secchi had already noted that stellar variability is a typical
property of many carbon stars, but variability is still often neglected in gas and
dust thermochemical modeling. The brightness (and thus T, and radius R) vari-
ability is unfortunately also often neglected when temperature and photospheric
radius determinations of carbon stars are made. Apparent discrepancies between
different T and R measurements may arise from this neglect. Variability causes
problems in determining representative T, P, and R variations, which are neces-
sary inputs for thermochemical modeling. The elemental abundance determina-
tions may become affected by variability as pointed out by Russell in 1933 [9].
Locations of dust forming regions in stellar atmospheres are often referenced to
the photospheric radius; however, if the photospheric radius changes as a function

3 Historical accounts of the discovery circumstances can be found in F. Plassmann, Him-
melskunde, 1898, Herdersche Verlagshandlung.
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of time it is a poor reference point. Similarly, the effective temperatures listed in
Table 2 are mean temperatures of several carbon stars, and for each individual star
the photospheric temperature must be understood as an average temperature be-
tween minimum or maximum phase.

Temperatures and Pressures

The periodic changes in luminosities, effective temperatures and photospheric
radii of the regular pulsating carbon miras are the best documented cases; we are
not aware of similar studies involving semi regular (SR) or irregular (Lb) pulsat-
ing carbon variables. Miras have their highest effective temperatures and their
lowest photospheric radii at maximum light. For example, Bergeat & Sibai [81]
show that U Cyg (P=463 days) has T~2300 K and R,,, ~140 Ry at maximum
light while T, drops to ~1800 K and R, increases to ~360 Rg at minimum light
(assuming a distance of 230 pc for U Cyg). Thus, at minimum light temperatures
drop significantly and dust formation becomes more efficient. The periodic
changes in T and R also must affect the atmosphere, so the dust formation dis-
tance from the central star must vary as a function of the light curve. As photo-
spheric temperatures drop from maximum to minimum, temperatures farther away
from the photosphere change correspondingly, allowing more grain condensation
during minimum phase. A detailed model of grain condensation as a function of
light phase for the carbon mira R For is described by LeBertre [82]. He notes that
the equilibrium temperature at a given distance from the central star changes with
phase and that grains condense between maximum and minimum while grains are
depleted by evaporation between minimum and maximum. However, evaporation
of grains may not occur if grains are expelled from the hotter regions of the CSE.
Radiation pressure can accelerate the grains and push them to outer regions of the
CSE and beyond, as shown by the numerical models of Gail and Sedlmayr
[83,84]. Radiation pressure-induced dust-driven winds and expulsion of dust from
CSE are generally very important for understanding mass loss mechanisms from
carbon stars (see reviews by Lafon & Berruyer [85], Danchi & Bester [86]).

The efficiency of grain removal from the CSE depends on the time required
for a grain to travel into cooler regions vs. the time available between minimum
(enhanced grain condensation) and maximum (enhanced grain evaporation). As
shown by Olofsson [52,53], mass-loss rates increase with variability period and
apparently with expansion velocities. However, there is no clear trend of mass-
loss rate with effective temperature. We fitted the mass-loss rates for N-stars to
the equations:

dM/dt (M/yr) = «(1.36+0.63)x10° + (7.23£1.71)x10° P (days) an
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dM/dt (Mp/yr) = -(0.90+0.55)x10° + (1.43£0.41)x10” v, (km/s)  (12)

If grain formation is responsible for accelerating the gas and for initiating
mass-loss, grain production and survival is most favorable in long period (LP)
variable stars. Typical values for LP variables are P ~300 d and v, ,= 15 km/s. The
distance a grain has to travel between minimum and maximum to escape is Ar ~
Vep*P/2. Taking the data for U Cyg, (P = 463 days, v,,, = 14.2 km/s) we see that
between minimum amd maximum Ar ~ 400 Rg. This distance needs to be com-
pared to the location of the grain evaporation front in the stellar atmosphere at
maximum light. If no gas and dust acceleration occurred, dust formed at minimum
would fall back into hotter regions and could evaporate during maximum phase.
However, as the dust travels outward, the distance to the evaporation front is in-
creased by Ar. As a result, the dust may never fall back to the grain evaporation
front. In the example above for U Cyg, the difference in photospheric radii be-
tween maximum and minimum is 220 Rg. This is smaller than the distance Ar ~
400 R4, a dust grain can travel outwards and thus grains can survive.

For our calculations we use the model atmospheres for C-stars from Jorgensen
et al. [87]. They give P-T grids for carbon stars as function of effective tempera-
tures (2500-3100 K), gravities (log g -0.5 to 0.5), and stellar masses (0.7-100 Mg).
We use their P-T data and assume a hypothetical 3 Mg star with T = 2800 K
and log g = 0.5 at maximum and T = 2500 K and log g =-0.5 at minimum.
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Figure 2. Temperature and pressure distribution in the atmosphere as a function of dis-
tance from the central star. Shown are curves for a hypothetical 3 M, star with T, =
2800 K, R,, = 160 R, at maximum phase and T, = 2500 K, R, = 510 R, at minimum
phase. Photospheric data are indicated by the dotted symbols. The P and T data are
taken from [87] and are related to R by an adiabatic T-R distribution. See text for details.
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The P-T grids of Jorgensen ef al. are given for temperature ranges of ~1500-2200
K, which are in the range where condensation is expected to occur. If necessary,
" we extrapolated these P-T data. We calculate grain condensation as a function of
radial distance (R) from the star and assume that T,y values reflect photospheric
temperatures, to obtain T and P as a function of R. The photospheric radius is ob-
tained from g = GM/R? as 160 Ry at maximum and 510 Ry at minimum. With
these photospheric T and R values, we calculate an adiabatic temperature distribu-

tion from:
)

Ry 301
T(R) = Tph(_R_) (13)

where y is the adiabat coefficient (y=C,/C,) taken here as 7/5. The T-R relation is
shown for maximum and minimum light phases in the top of Figure 2. The plot of
pressure vs. radial distance at the bottom of Figure 2 is calculated from the P-T
and T-R relationships. In our calculations we use either the P-T profiles shown in
Figure 2 or a constant total pressure of 10 bars.

Elemental Abundances

The data in Table 2 show that major element (i.e., CNO) abundances in carbon
stars are essentially solar except for carbon, which is enriched so that C/O > 1. We
therefore use the solar abundance data of Grevesse & Noels 1993 [88], who re-
vised the CNO, Fe, Ti, and some other elemental abundances listed by Anders &
Grevesse 1989 [54]. In our calculations we systematically increase the carbon
abundance to obtain C/O ratios from solar to four. In some cases we substitute the
solar CNO and Fe abundances with the mean data for C-N stars from Lambert et
al. ([51], see Table 2) to better approximate "real" carbon star compositions. We
also increased the abundances of s-process elements by up to a factor of ten, since
s-process elemental enhancements of this magnitude are typical for C-N stars.

Major Element Condensation

The increased C/O ratio in carbon stars leads to different gases and conden-
sates than those occurring in environments with C/O < 1, such as normal M-stars
or our solar nebula. The different types of condensates as a function of C/O ratio
(for constant total P = 107 bars) are illustrated in Figure 3, which was calculated
by increasing the carbon abundance.

Oxides and silicates dominate at C/O < 0.98 and carbides, nitrides and sulfides
appear at C/O > 0.98 [60,61,34]. Note that condensation temperatures may vary if
the C/O ratio is increased by removing oxygen-instead of adding carbon (see Lod-
ders & Fegley 1993 [78]). However, carbon dredge-up is the most likely mecha-
nism for increasing the C/O ratio in carbon stars.
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FIGURE 3. Condensation temperatures of major element condensates as a function of
C/O ratio. Solar abundances [54,88] are used and the carbon abundance was increased
from the solar value. At the solar C/O ratio (0.48) oxides and silicates are primary con-
densates. Hibonite (CaAl;,0,,) condensation temperatures are close to those of corun-
dum (AlLO;) and are not plotted. An increase in C/O ratio from solar reduces the
condensation temperatures of oxides and silicates because more oxygen is consumed
by CO. At C/O > 0.98, reduced condensates appear. MgS (not shown) condenses be-
low CaS at ~ 1020 K. The Fe-metal condensation temperature is independent of C/O ra-

tio. At C/O > 1 the Fe,C condensation temperature coincides with that of Fe metal.

The condensation sequence of reduced condensates is sensitive to the C/O ra-
tio. This is illustrated in Figure 4, which also shows the P dependence of the con-
densation sequence for TiC, carbon, and SiC. At any given P and C/O ratio, TiC
always condenses prior to SiC. Low C/O ratios from 1-1.2 (which are observed
for N-type stars [51]) and relatively high pressures (log P > ~ -4) yield the se-
quence TiC-SiC-C, while at lower P (-6 < log P < -4) the sequence is TiC-C-SiC.
The latter sequence seems to be recorded in circumstellar graphite grains from the
Murchison meteorite. Bernatowicz et al. 1996 [76] found TiC grains embedded at
or near the center of the graphite grains and TiC probably served as nucleation
sites for graphite. Among the 67 graphite grains studied, Bernatowicz et al. found
only one where a SiC grain was present in the graphite implying that the majority
of graphite grains formed at intermediate P (Figure 4), if C/O ratios of 1-1.2 are
representative for stars where the graphite grains originated. The last condensation
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sequence in Figure 4 (C-TiC-SiC) is for relatively low pressures (log P ~ <-6).
Such low pressures are apparently uncommon in grain-forming regions of C-stars
because graphite grains embedded in TiC grains are not observed (see also [76]).

-1 T T T

TiC-SiC-C

Sr TiC-C-SiC

C-TiC-SiC

1.0 1.2 14 16 18 20
CI/O-Ratio

FIGURE 4. The condensation sequence of TiC, carbon, and SiC as a function of C/O ra-
tio and total pressure. Data from [34].

The condensation sequence of TiC, graphite, and SiC is also found along the
P-T profiles shown for maximum and minimum phase (Figure 2). Using typical
N-star abundances (Table 2, [51]), we find condensation temperatures of 1705 K
(TiC), 1645 K (graphite), 1486 K (SiC) at maximum and 1688 K (TiC), 1644 K
(graphite), 1481 K (SiC) at minimum light. The similarity of condensation tem-
peratures at maximum and minimum light is due to the very similar P-T profiles,
however, the radial distances at which the condensates appear are different at
maximum (~220 R;) and minimum (~720 Rg).

The condensation temperatures for graphite, TiC, SiC, and for refractory Zr
and Mo carbides are illustrated as a function of total pressure in Figure 5. Several
curves at different C/O ratios are drawn for each condensate. This graph and Fig-
ure 3 illustrate that graphite condensation temperatures vary strongly with both
C/0 ratio and total P whereas carbide condensation temperatures are relatively in-
dependent of C/O ratio and essentially are only pressure dependent.

Once the temperature drops, graphite starts forming and carbon is removed
from the gas thus lowering the C/O ratio in the gas. For all four bulk C/O ratios
indicated in Figure 6 the C/O ratio of the gas reaches unity at ~1400 K. Graphite
condensation fixes the partial pressures of carbon bearing gases and the SiC con-
densation temperature (e.g., 1544 K at P = 10~ bars) becomes independent of the
C/O ratio. As shown in Figure 3, SiC condensation temperatures are independent
of the bulk C/O ratio at low pressures where SiC condenses after graphite. The ex-
planation for this is given in Figure 6, which shows the C/O ratio in the gas phase
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as a function of temperature. At high temperatures all carbon is in the gas and the
C/O ratio of the gas is the same as the butk C/O ratio.
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FIGURE 5. Dependence of condensation temperatures on total pressure. The numbers
along the graphite condensation curves indicate the C/O ratio.
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FIGURE 6. The effect of graphite condensation on the C/O ratio in the gas phase illus-
trated for four bulk C/O ratios (1.05, 1.2, 2, & 4). At high T, all carbon is in the gas phase.
Graphite condensation removes carbon from the gas and the C/O ratio of the gas ap-
proaches unity.
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At this point, we briefly want to address the effects of supersaturation on graphite
condensation. Thermodynamically, condensation occurs when the activity of
graphite becomes unity, that is, the saturation ratio equals unity. Precipitation of
graphite from the gas may, however, be delayed and require higher C partial pres-
sures before nucleation sets in. This is particularly true if no nucleation seeds are
present and homogeneous nucleation is required. Carbon nucleation has been ad-
dressed by several authors but the results are still inconclusive.

In 1933, Wildt [8] proposed that ions in stellar atmospheres may serve as nu-
cleation seeds. Using classical nucleation theory, Donn et al. 1968 [19] found that
carbon supersaturation ratios of ~2.2 are sufficient for graphite precipitation on
preexisting ions, yielding particle sizes ~0.05 pm. Using similar nucleation con-
straints Fix 1969 [20] finds that ionic nucleation in mira variables would yield ex-
tremely small (~5x10*um) carbon particles. Kamijo 1969 [89], Lucy 1974 [5] and
Shmeld 1985 [32] concluded that homogeneous nucleation of graphite from gase-
ous carbon seems probable in reasonable timescales. However, uncertainties in
particle surface energies and supersaturation ratios in stellar atmospheres led
Tabak et al. 1975 [90] to conclude that there is no reliable answer about whether
carbon nucleation takes place in cool carbon-rich stars.

Nevertheless, Salpeter 1974 [24] concluded that ionic nucleation as well as
graphite formation from C (gas) is unimportant and he favors formation of carbon
particles from hydrocarbon pyrolysis (i.e., C,H,). For over 30 years it has been
known that C,H, (and HCN) are the most abundant carbon bearing species after
CO in C-rich atmospheres at lower temperatures and higher pressures (e.g., Tsuji
1964, 1973 [15,23], Lewis & Ney [27]). Sharp & Wasserburg 1995 [35] recently
discussed this point. All carbon that is not in CO resides mainly in C;H, and is of-
ten referred to as "excess carbon” or "condensible" carbon. The carbon condensa-
tion reaction is then C,H, = 2 C(s) + H,, implying that C,H, breakdown plays an
important step in carbon condensation. The possible importance of higher hydro-
carbons and polycyclic aromatic hydrocarbons (PAH) for carbon condensation has
now gained more attention. Calculations by Cherchneff & Barker 1992 [33] and
Helling et al. 1996 [36] indicate that if carbon condensation is inhibited, signifi-
cant PAH formation may occur at low temperatures (<1000 K). The PAHs then
could serve as building blocks for amorphous carbon and graphite particles. Un-
fortunately, at temperatures where significant PAH formation is predicted, the
PAH formation timescales are much longer than gas residence times in the stellar
atmosphere. Thus, PAH induced carbon condensation may not occur [36].

If graphite condensation is kinetically inhibited, the gas-phase carbon chemis-
try must change to accommodate the "excess" carbon. Lewis and Ney 1979 [27]
showed that hydrocarbon formation (C,H,, C,H,, CH,) becomes more important at
lower temperatures if graphite precipitation is inhibited. In the case of complete
equilibrium, hydrocarbons are unimportant at low temperatures because carbon is
removed from the gas by graphite condensation.
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Figure 7 shows condensation temperatures of graphite as a function of C/O ra-
tio for a total pressure of 107 bars. The top curve shows the equilibrium case
(S=1). The bottom curve shows the graphite condensation temperatures for a su-
persaturation ratio of three, a typical value used in nucleation models (e.g., Lucy
[25]). At C/O = 1.05, graphite condensation temperatures drop about 180 K when
S is increased from one to three, while for C/O = 2 the temperature difference is
about 260 K. Thus dust forms farther away from the star in a supersaturated gas.
The equilibrium condensation temperature of graphite is 1645 K (~720 Ry for the
minimum P-T profile in Figure 2. Lowering the graphite condensation tempera-
ture ~200 K by supersaturating the gas to S = 3 leads to graphite formation at
~800 R,. At larger supersaturation ratios of e.g., S ~ 30 graphite forms at ~970
Ro. We will see below that the observed dust-formation locations in CSE are
compatible with equilibrium condensation temperatures and that supersaturation
ratios are probably not significantly greater than unity.

We note that observations of CH, and measurements of the C,H,/HCN abun-
dance ratio in carbon stars may constrain the graphite supersaturation ratio. Meth-
ane is expected to be more abundant in supersaturated C-bearing gas than in gas
with low supersaturation ratios because the CH, abundance increases with de-
creasing temperature. A very sensitive test for strict equilibrium may be the ratio
of C,H,/JHCN, which should be below unity if graphite condensation takes place,
while ratios above unity at temperatures where carbon condensation is possible in-
dicate carbon supersaturated gases.
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Figure 7. The thermodynamic equilibrium condensation temperatures of graphite are
given at supersaturation ratio S=1 as a function of C/O ratio in the top curve. The bottom

shows the temperatures for a supersaturation ratio of three.

Yet another important question is whether carbon condenses as crystalline
graphite or in an amorphous form. For example, observational models for thick
dusty CSE of the well known carbon stars IRC +10216 and CIT 6 often assume
the presence of amorphous carbon particles (e.g., Martin & Rogers [91], Orofino
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et al. [92,93]). The thermochemically stable carbon condensate is crystalline
graphite but if nucleation is unfavorable, amorphous carbon may form instead.
We use the thermodynamic properties of coke (a form of amorphous carbon) de-
termined by Jacob & Seetharaman 1994 [94] to calculate condensation tempera-
tures of amorphous carbon. The equilibrium condensation temperature of
amorphous carbon is always lower than that of crystalline graphite in a C-rich,
otherwise solar gas. The effect is most pronounced at higher total pressures. For
example, for C/O=1.05 at P= 107 bars crystalline graphite condenses at 1600 K; if
no graphite forms, amorphous carbon condenses 180 K lower at about 1420 K. At
10" bars total pressure, the difference in condensation temperatures decreases to
74 K, 1514 K for graphite and 1440 K for amorphous carbon. Higher bulk C/O ra-
tios also decrease the gap between graphite and amorphous carbon condensation.
At C/O = 2 and P=107 bars amorphous carbon condenses at 1840 K, which is
about 110 K lower than the graphite condensation temperature.
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Figure 8. The fraction of total carbon or Si condensed in graphite and SiC as a function
of temperature and radial distance. The P-T profile for minimum phase (R, = 510 Ry
from Figure 2 and N-star elemental abundances are used. The two horizontal bars indi-
cate the position of the inner edge of the dust shell in the CSE as obtained from spectro-
scopic observations (B76 = [95], DB95 = [86]). Equilibrium condensation caiculations
indicate dust formation within the observed ranges of the inner dust shell. The increase
in the amount of SiC condensed at 1100 K is due to CaS (s) condensation, which re-
moves sulfur from the gas and releases Si from SiS (g) for further SiC condensation.
See text for more details.

However, even if graphite condensation (at 1645 K) is replaced by amorphous
carbon (at 1516 K) for the P-T profiles in Figure 2, the condensation sequence is
still TiC, carbon, and SiC, in accordance with the observed condensation
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sequence. In the graphite grains studied in the laboratory, TiC grains are often en-
closed in amorphous carbon and the amorphous carbon becomes more graphitized
towards the outside (Bernatowicz et al. [76]). Thus, amorphous carbon becomes
replaced by graphite as condensation proceeds. Instead of referring to a specific
condensation temperature for carbon it may be more useful to introduce a 'conden-
sation temperature range', which is defined by the amorphous carbon and graphite
condensation temperatures (e.g., 1516-1645 for the P-T profile in Figure 2).

The calculations also give information about the amount of C and SiC con-
densed as a function of temperature and pressure (or distance from the photo-
sphere). Figure 8 shows the fraction of carbon condensed in graphite and SiC and
the fraction of Si condensed in SiC as a function of decreasing temperature and in-
creasing distance from the photosphere calculated with N-star abundances (C/O =
1.1; Table 2) and the minimum P-T profile from Figure 2. The photospheric ra-
dius at minimum is taken as a reference point for the distance from the central
star. Condensation of graphite starts at ~ 1.42 R/R; and SiC at around 1.55 R/R,.
At this low C/O ratio, the amount of carbon tied up in condensates is small; only
about 10% of the bulk carbon is eventually in graphite and SiC. Initially SiC con-
densation removes ~45% of all Si from the gas until CaS forms. Condensation of
CaS removes sulfur from the gas and releases Si (g) from SiS (g) so more SiC
condenses. About 55% of all Si is finally bound in SiC.

Figure 8 also shows the location of the inner edge of the dust shell in the CSE
from observations of Bergeat ef al. [95] and Danchi & Bester [86]. Note that the
position of these bars on the y-axis is arbitrary because the observations constrain
R/R,, but not the fraction condensed. The distances where equilibrium calcula-
tions predict that dust starts forming coincide with the two ranges where dust is
observed in CSEs. Only small amounts of dust form at the condensation point.
Larger amounts of dust form and become spectroscopically detectable at lower
temperatures, that is, at larger distances. Although TiC is the first major conden-
sate the Ti abundance is probably too low to allow detection of TiC dust in CSE.

If the bulk C/O ratio is higher than 1.1 (the C/O ratio used in Figure 8) graph-
ite dust forms closer to the photosphere because graphite condensation tempera-
tures increase with increasing C/O ratio. The fraction of carbon condensed as
graphite will then also become proportionally larger than indicated in Figure 8.

Variability and C/O-Ratio

The condensation of graphite and SiC relatively close to the photosphere may
also provide an important clue for interpreting the observed C/O ratios in N-type
carbon stars. The average C/O ratio in 60 cool N-type carbon stars is 1.16 + 0.14
[51,53], while the hotter R-type carbon stars have higher C/O-ratios of 2+1 [45].
We may ask why N-stars do not exhibit higher C/O ratios.
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In Figure 8 we plotted the fraction of C and Si condensed as a function of dis-
tance from the photosphere for the minimum light phase. Although condensation
temperatures at minimum and maximum are very similar, dust formation at mini-
mum occurs at much greater distances from the central star. Temperatures at mini-
mum may be even lower than in our examples and dust production in C-N stars
could become more efficient. In contrast, the hot C-R stars (R0-R4) are nonvari-
able stars and their temperatures are too high to allow efficient graphite and SiC
formation (if any). Although present, IR excesses in C-R stars are much less
prominent, indicating the presence of only small amounts of dust.

On the other hand, in the colder N-type carbon stars, carbon bearing dust can
form, preferentially during minimum phase in the variability cycle. Formation of
graphite and SiC removes carbon from the gas and consequently lowers the C/O
ratio in the gas, as illustrated in Figure 6. Fix 1969 [19] also illustrates the C/O ra-
tio decreasing to unity during graphite condensation at minimum phase in the
variability cycle. Fix notes that if the stellar atmosphere contracts again and the
star moves into maximum phase, grains formed during the minimum phase may
evaporate again and raise the C/O ratio of the gas back to the original value. How-
ever, if graphite and SiC are expelled by radiation pressure the gas remains with a
C/O ratio close to unity (see discussion above).

If grain formation and expulsion preferentially occur during minimum, the
carbon depleted gas falls back onto the photosphere during stellar contraction to-
wards maximum. Therefore the C/O ratio in the gas eventually approaches unity,
which is what is found from measurements of the C/O ratio from molecular lines
in the gas. Upward mixing of carbon from the stellar interior can increase the pho-
tospheric C/O ratio but carbon condenses out as soon as temperatures drop suffi-
ciently again. All determinations of C/O ratios in N-type carbon stars are done
using the gas composition while the actual bulk stellar C/O ratio could be higher.
Photospheric determinations of stellar C/O ratios may only be valid for stars with-
out dust; if dust is present the bulk C/O ratio of the star must be computed from
(Cgas + Cdust)/O. This is particularly important for the exceptional objects IRC
+10 216 and CIT 6 which show carbon dust emission and have large amounts of
dust in their CSE [91-93]. In these stars carbon-bearing dust condensation must
have lowered the C/O ratio in the gas. On the other hand, for a bulk C/O ratio of
1.05, only about 10% of all carbon eventually condenses as graphite and SiC and
the effect of carbon removal from the gas is not that prominent.

Trace Element Condensation

We now calculate trace element patterns in SiC as a function of temperature
and compare these to observed abundance patterns in circumstellar grains isolated
from the Murchison meteorite (Amari ef al. [77]). These calculations have been
previously described in detail [34] and are only briefly reviewed here.
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In contrast to more abundant major elements, trace elements (Zr, Mo, V, Sr,
Ba, REE) generally form solid solutions with preexisting condensates, such as
TiC or SiC. The condensation of trace elements into TiC or SiC is governed by
their volatility. Highly refractory elements (Zr, Mo) readily form solid solutions
with TiC, as has been observed [76]. Silicon carbide forms at lower temperatures
than TiC and if gas-solid equilibrium persists, TiC, and trace elements already
condensed in it, can also dissolve in SiC.

Less refractory elements such as the REE, Sr, and Ba condense into SiC at
lower temperatures. The two most volatile elements are Sr and Ba. Figure 9 shows
calculated trace element abundance patterns in SiC as a function of decreasing
temperature for the minimum P-T profile in Figure 2. We used N-star CNO abun-
dances listed in Table 2 and ten times solar s-process elemental abundances for
the calculations. We assume ideal solid solution behavior [34]. The abundance
patterns in Figure 9 are normalized to Cl-chondrites (essentially solar) and Si.
Figure 8 shows that the amount of Si condensed is also a function of temperature
and that only about 55% of all Si condenses as SiC. Thus, normalizing to Si intro-
duces about a factor of two into the normalization in Figure 9. For example, if V
is present in solar abundances in N-stars and fully condenses into SiC, the CI-
chondrite and Si normalized abundance of V is ~2. Similarly, if s-process ele-
ments are 10 times more abundant in N-stars and fully condensed into SiC they
plot at ~20 in Figure 9. SiC starts condensing at 1481 K, and at 1480 K only about
0.17% of all Si is condensed as SiC. Refractory carbides of Ti, V, Zr, Nb, Mo,
and, to some extent Y, either form their own condensates or condense into solid
solution with each other prior to SiC formation. Once SiC forms, these refractory
carbides can be readily incorporated into SiC. Thus, the Si-normalized relative
abundances of these refractory trace elements are very high (500-6000) at 1480 K
(top graph in Figure 9) because they are fully condensed but only very little Si is
condensed. Lanthanum, taken as representative for the refractory REE, condenses
as LaS into SiC and is not as refractory as the carbides mentioned above. REE
carbides or nitrides were also considered as potential candidates dissolving in SiC.
However, the REE sulfides are generally more stable than carbides and nitrides
(see also [34,78]. The strong depletions of Fe, Ca, Al, Sr, and Ba at 1480 K show
that these elements are more volatile.

At 1380 and 1280 K, more Si (43% and 47%, respectively) is condensed in
SiC, leading to a 'dilution’ of the abundances of highly refractory elements so that
their normalized abundances plot around 2-20. Still, at 1280 K less than one per-
cent of the volatile elements Ba, Sr, or Ca are condensed and the amount of Al
condensed as AIN into SiC (~ 0.7% of total Al) or Fe as Fe,C (~ 2% of total Fe) is
fairly small. Another 100 K temperature decrease allows more condensation of
Fe, Ca, and Al into SiC and these elements could be fully incorporated into SiC
by 1080 K. However, Fe, Ca, and Al may also form their own condensates instead
of condensing into SiC. Iron metal or Fe,;C (1150 K for either), AIN (1120K), and
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CaS (1100 K) condense relatively close to the temperature where ideal solid solu-
tion with SiC occurs. Thus, solid solution formation in SiC may compete with the
formation of pure compounds of these elements. If CaS condensation occurs, the
amount of Si condensed as SiC also increases as explained above for Figure 8.

Fe Ca Al Si Ti V Sr Y Zr Nb Mo Ba La
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Figure 9. Calculated trace element abundances in SiC as a function of decreasing tem-
perature for the minimum light P-T profile from Figure 2. The s-process element abun-
dances are taken as ten times solar. SiC starts forming at 1481 K and at 1480 K, only
0.17% of all Si is condensed as SiC. Refractory carbides of Ti, V, Zr, Mo, and Nb con-
dense prior to SiC and become readily incorporated into SiC so that their relative abun-
dances are extremely high. Note the different abundance scales on the individual
graphs. At 1380 K, about 43% of all Si is condensed and more of the relatively volatile
Fe, Ca, Al, Sr, and Ba condense into SiC as the temperature drops. At 1080 K, about
54% of total Si is condensed as SiC and all trace elements are in SiC.
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The other two volatile elements, Sr and Ba, are not abundant enough to form
their own condensates and they are also the most volatile elements among those
shown. At 1180 K, about 6% of all Ba and about 1.3% of all Sr are condensed
into SiC. Note that Sr plots at about 20 if fully condensed, which is not the case
by 1180 K. Only by 1080 K do we obtain the trace element abundance pattern
showing all elements fully condensed into SiC. As mentioned before, CaS con-
denses at 1100 K and trace elements not condensed into SiC by that temperature
may dissolve into CaS. The CaS condensation temperature is calculated assuming
that no CaS is dissolved in SiC. However, as in Figure 9, at 1180 K the normal-
ized abundance of Ca condensed into SiC is ~ 0.1, which indicates that about 20%
Ca is already taken out of the gas. Thus, the condensation temperature for pure
CaS becomes depressed and trace elements may continue to condense into SiC.
We come back to Ca condensation later.

The trace element patterns obtained by fractional condensation are compared
to measured abundance patterns in SiC grains isolated from meteorites. Amari et
al. [77] determined about nine different types of abundance patterns in presolar
SiC grains of which three are shown in Figure 10a-c. We previously modeled
these patterns in terms of fractional condensation and discussed how the trace ele-
ment abundances link SiC grains to different types of carbon stars [34].

Most of the observed patterns are characterized by depletions or enrichments
of volatile elements (Sr, Ba) or highly refractory elements (e.g., Ti, Zr). The first
step in the pattern analyses is to check if s-process elements are solar (C-J type
like) or enriched (C-N type like). The calculations indicate that Ti and Zr are both
highly refractory and that they should condense together. Thus, any increase in s-
process elemental abundances is reflected by a Zr/Ti ratio that is higher than solar.
This is observed for the carbides enclosed in presolar graphite grains from meteor-
ites, where Zr/Ti ratios indicate enrichment of Zr up to ~30 times solar [76}].

Once the abundances are obtained, comparison with calculations such as those
shown in Figure 9 indicates how a particular pattern in SiC is established. For ex-
ample, the patterns in Figure 10a require s-process element abundances 3-4 times
solar. Comparison of the measured patterns in Figure 10a with those shown in
Figure 9 also shows that gas-solid equilibrium stopped before Sr and Ba were
fully condensed into the SiC grains.

In some cases, matching the observed SiC trace element patterns requires the
removal of refractory Ti-Zr-C grains prior to SiC condensation because the SiC
grains are depleted in refractory elements. This is the case for the pattemns shown
in Figures 10b and 10c. TiC condenses about ~50 K higher than SiC (for the P-T
profiles shown in Figure 2), and TiC grains (containing other refractory carbides
in solid solution) may have been lost from the SiC forming region in the CSE be-
fore the TiC grains were incorporated into SiC. Early isolation of such ultrarefrac-
tory TiC carbides grains is again indicated by the discovery of such grains in the
presolar graphites isolated from meteorites [76]. Barium and Sr become enriched
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in the gas relative to Y and Zr, which had condensed into the TiC grains. Upon
cooling, condensation of SiC starts removing the remaining refractory elements
from the gas. At lower temperatures Ba and Sr can also condense into the SiC.
However, Sr is somewhat more volatile than Ba and apparently the SiC grains in
Figure 10b never equilibrated at temperatures low enough to allow all Sr to con-
dense into SiC. Thus, the patterns in Figure 10b show a relative Sr depletion. A
similar scenario explains the patterns in Figure 10c, which show relative Ba en-
richments and Sr depletions. The main difference with the pattern in Figure 10b is
that overall s-process element enrichments are 10 times solar and that a larger
fraction of refractory elements were removed before SiC formation (for detailed
description of modeling these patterns see [34]).
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Figure 10. Top panel 10a-c. Measured trace element patterns in SiC grains isolated
from meteorites from the work by Amari et al. [77]. Three out of nine different types of
patterns are shown. The normalization is [X/Si];, = 109 (X/Si)gan-10g(X/Si)c).cnondres:  BOt-
tom pane! 10e-f. Abundances in N-stars from Utsumi [44] renormalized to solar abun-
dance data of Anders & Grevesse [54]; notation is: [X/Fe] = [0g{X/Si)a0g(X/Si)ss- ONlY
elements common to both data sets are shown.

Amari er al. also measured low abundances of Ca, Fe, and Al in the SiC
grains. These elements are expected to condense into SiC, assuming ideal solubil-
ity of CaS, Fe or Fe,C and AIN (see discussion of Figure 9). The observed abun-
dances, in particular those of Fe, are lower than the predicted abundances,
indicating that the assumption of ideal solubility does not apply. The other possi-
bility is that the elemental abundances of Al, Ca, and Fe may be subsolar in the N-
stars where the SiC grains originated and not solar, as assumed in the calculations.
The observations by Utsumi [44] and Lambert er al. [51] indicate that N-stars
have Ca and Fe abundances close to solar. However, the N-stars from which the
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presolar SiC grains originated more than 4.6 Gyrs ago may have had lower metal-
licities than present day N-stars. This issue needs further investigation.

The preceding discussion shows that the observed trace element patterns in
circumstellar SiC grains are compatible with fractional condensation from a gas in
carbon star CSE. Next we explore the consequences of fractional condensation for
trace element abundances in carbon stars.

Trace element abundances in carbon star atmospheres

The different volatilities of trace elements lead to fractional condensation of
more refractory elements into SiC and retention of more volatile elements in the
gas. After the grains are expelled from the stellar atmosphere, the residual gas is
relatively enriched in the more volatile elements which did not condense into SiC.
In other words, fractional condensation can establish complementary trace ele-
ment abundances in SiC grains and stellar atmospheres. This scenario is compara-
ble to those for metal-poor post-AGB stars, which have either accreted dust-
depleted matter from a binary companion via an accretion disk, or, in a single star
scenario, have lost dust once a drop in AGB mass loss causes matter fall-back
onto the star [96,97]. The latter, single star scenario seems more probable and sug-
gests that radiation pressure drives refractory element bearing dust outward, while
lack of dynamical support from the star after a drop in AGB mass-loss favors
volatile rich-gas fall-back onto the star. The observed trace element abundances in
N-stars are in accordance with such a scenario.

Abundances in cool stars are generally difficult to determine because of line
blending. As a result, only very few data are available. We use abundance data de-
termined by Utsumi [44] for 30 N, R, and J-stars. The R and J stars display rela-
tively uniform, flat abundance patterns (Figure 1), but N-stars have several types
of patterns. In addition to the patterns with uniform s-process element enrich-
ments shown for four N-stars in Figure 1, other N-stars in Utsumi's sample have
patterns displaying relative Sr and/or Ba enrichments. These patterns are shown in
the bottom panel in Figure 10, where plots are arranged to show the complemen-
tary nature of the SiC grain and N-star abundance patterns. Volatile elements (Sr,
Ba) are preferentially enriched in the stars and depleted in the SiC grains, while
refractory elements are relatively depleted in the stars and enriched in the grains.

In Table 3 we summarize information about the 21 N-stars in Utsumi's sam-
ple. Of these 21 stars, four stars have patterns with approximately solar Ca, Ti,
and V abundances and uniform s-process element enrichments. These patterns are
normally taken as characteristic for N-stars (Figure 1). Thirteen other stars have
abundance patterns complementary to those in SiC grains. These pattern are char-
acterized by relative Sr and Ba enrichments (Figure 10d), relative Sr enrichments
(Figure 10e), and relative Sr, Zr enrichments and Ba depletions (Figure 10f). Only
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four stars in the sample have abundance patterns for which we have not (yet?)
identified complementary SiC grains.

We believe that the different stellar abundance patterns are not analytical arti-
facts. Utsumi [44] carefully selected bands free of blending and applied the same
curve of growth method to all stars in his sample. He gives an uncertainty of 0.4

“dex for solar normalized abundances (except for the REE, where uncertainties
may be larger). Although absolute abundances may vary, we do not believe that
the relative abundance patterns would change dramatically. It also seems unlikely
that systematic errors in the analyses produce the variety of patterns. Kilston [43]
also reports heavy element abundances for eight N-stars. Stars common to Kil-
ston's and Utsumi's samples have similar abundances once both data sets are nor-
malized to the same solar abundances. Unfortunately, Kilston did not present Sr
abundances, which are necessary to establish the type of abundance patterns.

We searched for other stellar properties which may relate stars having similar
abundance patterns. However, no obvious trends in spectral type, variable type,
periods, location of the inner dust shell, mass-loss rates, gas expansion velocities,
and effective temperatures are visible from the data in Table 3. Among the chemi-
cal signatures, the carbon isotopic composition and the C/O ratios are also incon-
clusive. One hint of a common grouping other than by abundance pattern is the
presence or absence of Tc in their stellar spectra. Stars with unfractionated pat-
terns (Figure 1) and the ungrouped stars (X Cnc, TU Gem, SS Vir, RV Mon) do
not show Tc, while Tc is present in the stars with fractionated patterns (Figure
10d-f). However, the absence or presence of Tc needs to be checked for all stars in
Utsumi's sample to decide if Tc is a tracer of the suggested groupings in Table 3.

The absence of Tc in RR Her, Z Psc, and S Sct could be a sensitive test for bi-
narity [98]. Stars showing s-process element enhancement but lacking Tc, which
is also indicative of third dredge up, may be part of a binary system. Mass transfer
from the companion star in the past could have established the elemental abun-
dances now observed. Such a scenario is suggested by Barnbaum et al. [99] for V
Hya, and could also be the case for the stars in the first and last group in Table 3
where s-process elements are enriched and Tc is absent.

We suspect that binarity may be responsible for establishing the abundances in
TU Gem and SS Vir (listed in bottom of Table 3). Their abundance patterns are
characterized by depletions in Ba and Sr, opposite to the Ba and Sr enrichments
predicted by fractional condensation. TU Gem and SS Vir may have accreted
larger amounts of refractory dust than gas from a companion star. More detailed
modeling is required to understand their abundance patterns.

The infrared properties of carbon stars may provide another way to group the
stars in Table 3. The low resolution spectra (LRS) classification indicates that
most of the stars display SiC emissions (LRS = 4n). However, among the stars
having either Sr and Ba or Sr enrichments, some have featureless blue spectra
(LRS = 1n). The presence of thin dust shelis or even the absence of dust (LRS =
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1n) may be problematic for a model which requires trace element.removal into
dust grains. Condensation during the variability cycle is required to effectively re-
move refractory elements into grains and enrich the gas in volatile elements.
However, the current lack of observed dust shells does not imply that dust forma-
tion is not taking place in these stars. The very low expansion velocities and mass-
loss rates for these stars may suggest that dust formation only takes place on un-
detectably small scales. An advantage of low dust abundances in the SR and Lb
variables is that dust-gas momentum coupling may become less effective, so that
the volatile enriched gas falls back onto the star while the radiation pressure accel-
erates the dust outwards.

Dust formation could also have occurred in an earlier time in these irregular
pulsating variables. The introduction of the IRAS two-color diagram provides a
guide to dust forming processes which may have occurred earlier [102-105]. Van
der Veen & Habing 1988 [102] describe the far infrared excesses by plotting the
25 um vs. the 60 pm excess and define characteristic regions for late type stars.
Carbon stars typically plot into region VIa or VII of this IRAS two-color diagram.
Of particular interest is the region VIa for Lb and SR variable stars with 60 um
excesses. This region is indicative of distant cool fossil dust shells implying that
earlier evolutionary stages with higher mass loss rates have occurred in these
stars. For example, the detached CSE of S Sct is well known [52,53] but no SiC is
seen in emission (LRS = 1) indicating that no (observable) SiC formation is cur-
rently taking place. Thus, atmospheric trace element abundances cannot be altered
by fractional condensation into SiC and trace elements appear unfractionated.

Stars with LRS = 1n are clustered among stars from Figure 10d & e while
stars grouped in Figure 10f all have LRS = 4n. Old fossil shells occur among stars
from all groups in Figure 10d-f. The LRS and IRAS properties are not correlated
and no clear groupings are possible for the stars in Table 1 using their infrared
properties. Since all these stars are probably at different stages in their evolution,
yet another variable, namely long time evolution, needs to be considered. More
data are needed to allow statistically significant modeling to reveal dust evolution
around carbon stars.

CONCLUSIONS AND OUTLOOK

Thermochemical equilibrium calculations have been and still are a useful tool
to model the chemistry in carbon star atmospheres. Emission bands of expected
major element condensates are observed in carbon stars. Dust grains originating
from these types of stars are identified in meteorites, showing that these grains
survived their voyage through the ISM and thermal processing in the solar nebula
and on meteorite parent bodies. The isotopic and trace element signatures of these
grains leave no doubt of their carbon star parentage. Yet many questions remain
about grain formation in stellar atmospheres. We conclude by pointing out some
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areas where more information is needed to increase our understanding about grain
formation processes.

Several physical properties of carbon stars such as temperature, pressure, or
radius as a function of variability need to be better understood as these directly in-
fluence gas chemistry and condensation. Understanding the long term evolution of
carbon stars and their dust shells is yet another challenge, for which their infrared
properties may provide many more clues.

More observational data on chemical composition of carbon stars are needed.
For example, the condensation calculations indicate that the C/O ratio of the gas
decreases due to condensation of C-bearing dust during minimum of the variabil-
ity cycle. Thus, determinations of C/O ratios in cool N type carbon stars may
yield C/O ratios lower than the bulk gas & dust value. The determination of the
C/O ratio at different stages in the variability cycle may reflect this variation and
also provide information on the amount of dust produced between minimum and
maximum light phase. Yet another check for dust formation as a function of vari-
ability could be obtained from infrared dust properties.

The existence of dust from carbon stars implies that dust formation (nuclea-
tion!) timescales and loss rates from the stellar atmosphere must be fast relative to
the time interval between minimum (grain production) and maximum (potential
grain evaporation). These constraints should be included in nucleation models.
Also, nucleation models often call for supersaturation ratios >> 1 (i.e., condensa-
tion temperatures below the equilibrium values) Nevertheless, observations show
dust present at stellar atmospheric distances compatible with those predicted by
equilibrium thermodynamics.

The question of carbon star metallicity also needs further attention. What was
the metallicity of the carbon stars providing the graphite and SiC grains to the so-
lar nebula 4.6 Gyrs ago?

Trace element abundances (i.e., Sr, Ba, Zr, REE) need to be determined for
more C-stars, ideally as a function of light curve. It would be interesting to see
whether fractionated trace element patterns are restricted to SR and Lb variables
or also occur in mira variables. Trace element abundances of the gas can become
fractionated during condensation processes and depletions may be observable if
abundances are determined as a function of lightcurve and SiC band strength.

More data about physical properties, chemical composition, and dust from less
abundant carbon stars (e.g., H-rich CH stars and H-depleted HdC & R CrB type
stars) are also desired since they may also have contributed to the presolar grains
in meteorites.
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