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CIRCUMSTELLAR SHELLS,
THE FORMATION OF GRAINS,
AND RADIATION TRANSFER

Jean Lef3vre

Advances in infrared astronomy during the

last decade have firmly established the presence

of dust around a large number of cold giant and

supergiant stars. To describe the properties of

stars and to understand their evolution, it is

necessary to know the nature of the grains and

their influence on stellar radiation. Two ques-

tions are considered in this chapter:

• How are grains formed around cold

stars?

• How is the stellar radiation modified by

shell?

These questions require a highly detailed de-

scription of grain properties. The development

of high angular resolution measurements that

permit the spatial analysis of scattered and

emitted radiation and of molecular composi-

tion of the gas will increase the importance of
studies on circumstellar shells.

GRAIN FORMATION

The formation and growth of grains in the

shells of cold stars has recently been discussed

by several authors. The most comprehensive

works are those by Draine (1979, 1981),

Deguchi (1980), Yamamoto and Hasegawa

(1981), and Donn (1979). A critical review of

this problem was also given by Czyzak et al.

(1982). The formalism generally adopted is that

of the theory of homogeneous nucleation. The

basic ideas and the main results of the theory

are recalled without mentioning the detailed cal-

culations. The papers quoted above and refer-

ences therein give a complete description of the

theory. The particular circumstances encoun-

tered in circumstellar shells and in the neigh-

borhood of variable stars will be considered

with special attention.

Nucleation

In the theory of homogeneous nucleation,

the solid clusters or aggregates grow or decay

atom by atom (or molecule by molecule). For

clusters of each size, there is a competition be-

tween gain and loss. The formation of solid

grains really occurs only if the random process

is able to produce a critical size beyond which

the grain grows to its final size. For a cluster,

the probability of growth by collision with a

particle of the gas is proportional to its surface

area: it is a slowly growing function of n, the

number of atoms in the solid cluster. The prob-

ability of decay is related to the cohesion forces
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that keepthe"atomstogetherin thecluster.
Theseforcesarestrongerwhenthenumberof
atomsishigher(Gerlach,1969).Theprobability
of decayis thenadecreasingfunctionof n.

When the partial pressure of condensing parti-

cles of the gas (monomers) equals the satura-

tion pressure of the solid, gains and losses bal-

ance exactly for the bulk solid. When the par-

tial pressure is lower than the saturation pres-

sure, losses prevail over gains, whatever the size

of the cluster. Finally, when the partial pressure

is higher than the satuation pressure, a finite

size exists for which losses and gains balance

exactly. This equilibrium is unstable; any clus-

ter can grow indefinitely if it becomes slightly

larger than the critical size. It is then possible

to define the critical nucleus as the smallest clus-

ter, which, after growth by the addition of one

atom, has a greater probability to grow than

to decay. The rate of nucleation is the rate of

the reaction leading from the critical nucleus

to the next larger cluster. Thus, the existence

of a critical size is a consequence of the varia-

tion of the free energy as a function of the num-

ber of atoms in the cluster. When this number

is large (e.g., when the size of the cluster is

about 10/_ (n - 103)), the variation of free

energy can be related to the surface tension of

the bulk material. If the critical nucleus is

supposed to be spherical, its radius is then:

2om

a* - , (4-1)
O kTln S

where m is the mass of the monomer, p is the

density of the solid, Tis the temperature, and,

S is the supersaturation ratio defined by:

P
S-

Psat

(4-2)

P is the partial pressure of the monomer, and

Psat is the saturation pressure of the solid at
temperature T.

Actually, the condensation is effective only

when the critical nucleus is very small. It is then

no longer possible to use the same value for the
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surface tension or even to define the surface.

This problem has been discussed in detail by

Draine (1979). He was able to show, for graph-

ite, that the number of atoms in the critical nu-

cleus, n*, is obtained with the value o/2 when

n* > 10:

n • _-

integer part I -_ " _-/2"/kT_n S) 31

(4-3)

The critical nucleus is sometimes defined as

the smallest cluster for which the growth pre-

vails. Equation (4-3) then corresponds to

n* - 1 (Draine, 1981; Deguchi, 1980).

The stationary nucleation rate in a dilute gas

is obtained by multiplying the number of criti-

cal nuclei by the rate of collision of monomers

with a nucleus:

f = otl-'/t \ml__o2)112

x",- I

C 1 exp 2

(4-4)

where C l is the concentration of the monomer,
and a is the sticking probability for an atom

onto the critical nucleus. Usually known as the

Lothe and Pound factor, I_ includes the transla-

tional, rotational, and vibrational partition

functions of the atoms within the solid (Tabak

et al., 1975; Deguchi, 1980). This point was dis-

cussed by Draine (1979), who concluded that

the Lothe and Pound factor does not give the

correct result when n < 20, at least for

graphite. However, Czyzak et al. (1982) men-

tion that a minor increase in surface energy

would compensate for the effect of the Lothe

and Pound factor on the nucleation rate. The

question is open to discussion. Theoretically,

the problem can be solved in each case by ex-

trapolating the variation of the free energy as

a function of n when n tends toward zero

(Mutaftschiev, 1982).



In anycase,sincen* varies as (In S) -3, the

argument of the exponential in the nucleation

rate varies as - (In S) -2. It is generally small

when S is lower than 6 or 7. When S is small,

the critical nucleus is large and its appearance

has a low probability. Finally, the uncertainty

of the value of o_ must be kept in mind. a =

1 is often used, and this gives an upper limit
for J. The same formulation can be saved if a

new definition of the supersaturation ratio is

given (Lucy, 1976; Lef_vre, 1979; Draine,

1981):

P /.___.) 1/2
S - (4-5)

where T is the temperature of the grains and
Tthat of the gas. The modification may be im-

portant since Pat varies rapidly with the tem-

perature. Thus it is necessary to know the tem-

perature of clusters containing a few atoms or

several tens of atoms. A large gap exists be-

tween the quantum mechanical description of

polyatomic molecules and the classical one of

grains with several hundreds of atoms. The ex-

trapolation of the results of the Mie theory

toward very small dimensions is problematic.

A reasonable limit probably corresponds to

grains of radius greater than 10 _, even when

the modification of the refractive index due to

the mean-free-path limitation of electrons is

taken into account.

The attempt of Draine (1981) to solve this

problem is interesting but rather risky. On one

hand, the optical properties of grains of silicate

are extrapolated to aggregate as small as 3/_;

on the other hand, the vibrational temperature
of the molecule SiO is calculated with a sim-

plified model. This molecule plays an impor-

tant part in the kinetics of the formation of sil-

icates. The value of the temperature obtained

for the aggregates and for the molecules is the

same with several gas densities. Thus, it can be

hoped that the correct value is obtained in this

way. The right fit, however, depends on the op-

tical properties adopted for the silicate. More-

over, the same calculation done for small

graphite grains would give a higher tempera-

ture. The fit would exist then only if the vibra-

tional temperature of molecules C2, C 3 ... were
higher than that of SiO. The experimental and

theoretical study of optical properties of very

small aggregates is possible and would allow a

complete description of the nucleation in a ra-
diation field. The crux of the matter is the onset

of collective phenomena when the number of

atoms increases in the cluster.

What could be the influence of a chromo-

sphere on the existence and the condensation

of grains? As long as their equilibrium temper-

atures are radiative, grains can survive in a hot

gas. For instance, near a star at 3000 K, the

temperature of clean silicate grains reaches 1000

K at about 1.4 R,. Could such grains form in

the chromospheric environment? Two require-

ments must be satisfied. On one hand, the gas

density must be sufficiently low so that the tem-

peratures of the small aggregates are not af-

fected by collisions. The answer again depends

on the interaction of aggregates with the radia-

tion field. If their temperatures can be obtained

by extrapolation of Mie's calculations toward

atomic dimensions, the preceding example re-

quires n < 101° cm -3 if T = 6000 K is taken

as a mean value for a chromosphere. On the

other hand, the supersaturation ratio must be

greater than one. Assuming in the most favor-

able case that Si is mainly in SiO, the nuclea-

tion of silicate near the star requires n > 108

cm -3. Draine (1981) considers that the forma-

tion of clean silicate grains is possible in ex-

tended red-giant and supergiant chromo-

spheres. A most favorable circumstance would

be the presence of cold condensations in the hot

gas as was proposed by Wright (1970) for 31

Cyg. Jennings and Dyck (1972) showed that the

presence of circumstellar grains is accompanied

by the disappearance of Ca II and Fe II chro-

mospheric lines. Jennings (1973), studying the

influence of grains on the structure of a chro-

mosphere, found that the temperature is

lowered and the chromospheric emission is

quenched.

The temperature of the solid phase also

plays an important part during the growth of
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grains.As longasthepartialpressureP is

T 1/2, the radius of
greater than Pat (T) T'g
the grain grows as:

da _ p l m _1/2 (4-6)

The growth is faster when n 1, the density of

the monomer, is higher, but also when the gas

is hot, since the rate of growth varies as

niT 1/2.
Similarly, the decrease of the radius by evap-

oration is:

da Pint (T) _. m _1/2
(4-7)

when the supersaturation ratio is much smaller

than I. The effective growth of the grain is

given by the difference between the positive rate

and the negative one. The equality between the

two rates defines the critical radius and the final

size of the grain is an asymptotic value. The

number density of condensable atoms decreases

due to the condensation itself and to the dilu-

tion in an expanding shell. The thermal evapo-

ration is effective only when T is high (i.e., in
g

the inner region of the shell). For instance, tak-

ing (Mukai and Mukai, 1973):

38600
LogP t = 14.32 for graphite ,

T
(4-8)

26300
Log Psat = 14.72 for olivine ,

T

(Pat is in this case the partial pressure of SiO)
and with _ = 1, the lifetime is about 107s for

a grain of radius 100/_ when Tg = 1750 K for

graphite and Tg = 1150 K for olivine. The
lifetime is proportional to the radius. Such

grains can survive in the stellar neighborhood

and grow again during subsequent ejections of

matter. The opacity effects in the shell are also
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important; grains formed close to the star at-
tenuate the stellar radiation and allow further

nucleation and growth.

Structure of the Grains:

Amorphous or Crystalline

The interpretation of photometric measure-

ments, particularly the profile of the silicate

band at 10 # and the flux curves in the far in-

frared from 10/_ to the millimetric waves has

favored the introduction of amorphous grains

in shell models. With the help of the theory of

nucleation and growth, can we decide if the

grains formed in circumstellar shells are amor-

phous rather than crystalline?

The structure of clusters containing few

atoms or several tens of atoms is not known.

It is only just possible, with the help of the mo-

lecular dynamics calculations, to compare the

stability of different kinds of assemblies. For

argon, Farges et al. (1977) found that small

clusters (n < 50) do not possess the geometrical

shape corresponding to the subsequent growth

of the crystal. Their shape is close to that of

the sphere. When n increases beyond 50, a
structural transition occurs. On the other hand,

Barker (1977) showed that groups of atoms

with a definite pattern constitute the under-

lying structural unit of amorphous metals. In

both cases, the icosahedron appears as a privi-

leged structure. This polyhedron, limited by

twenty equilateral triangles, corresponds to a

stable arrangement of atoms. Hence, it may be

quite difficult to make the distinction between

amorphous and crystalline for very small ag-

gregates. The difference is rather connected to

the conditions of growth, particularly the varia-

tion of the temperature. Generally speaking, a

high temperature, maintained long enough,

leads to the stable phase (i.e., the crystal). For

circumstellar grains, a theoretical determination

of the structure requires the determination of

the viscosity as a function of the temperature.

Seki and Hasegawa (1981), considering that the

temperature of condensation is low enough to

give amorphous grains, studied their probabil-

ity of crystallizing during their evolution in the



shell.Theyfoundthataroundcoldstarsthe
grainsaresmall(a< 200/_)andhavea low
probabilityof crystallization.Theymustbe
mainlyamorphousforgraphiteandfor silicate
aswell.However,it ispossiblethatthevaria-
tionoftheviscosityisnotthesamefordifferent
kindsof silicate.

Czyzaketal. (1982)criticallydiscussedthe
argumentsin favorof crystallinegraphite.They
concludedthatcrystalsare"at besthighlyspec-
ulative"andemphasizedtheimportanceof a
detaileddescriptionof thekineticsof growth
throughouttheshell.If thestructureofgraphite
appears,orderexistsonlyat shortscale,and
it probablyleadsto highlydisorderedpolycrys-
tallinegrains(i.e., aggregatesof verysmall
singlecrystalswithdifferentorientations).

GailandSedlmayr(1984a)giveaclearanal-
ysisof theatomicprocessesinvolvedin the
growthof carbongrains.A graingrowsasa
crystalonlywhenthestickingmonomerisable
to attainby migrationa suitablelatticesite.
Thenthecomparisonofthehoppingtime(i.e.,
theaveragetimebetweentwosuccessivejumps
of amonomeratthesurface)andtheaverage
timebetweentwosuccessivecapturesatagiven
siteisagoodcriterion.If thehoppingtimeex-
ceedsthecapturetime,themigrationisnotpos-
sibleandthegrainis amorphous.Whenthe
hoppingtimeis justshorterthanthecapture
time,thecrystallinegrowthisnotperfect,and
a polycrystallinestructureis obtained.In a
coolingwindaroundacoldcarbonstar,Gail
andSedlmayrfoundthatpolycrystallinegrains
areproducedonlyif theirgrowthoccurswhen
theyarehotterthan1100K.

Theevolutionof thisproblemhasimportant
implicationsin manyastrophysicalobserva-
tions.At themoment,it isnotpossibletoto-
tallyexcludeonekindoranotherwhilethesolid
phasecondenses.Amorphizationcanalsobe
dueto energeticcollisionswheneruptivephe-
nomenaor shockwavesareproducedat the
stellarsurface.

Time-Dependent Nucleation and Growth

The problem of the formation of grains can

be solved only if the density and the tempera-

ture of the gas and the composition and the

temperature of the clusters are known at every

point in the shell and at each moment. The nu-

cleation begins where the supersaturation ratio

is significantly larger than 1. The grains then

grow as long as S > 1. The saturation time

scale governs the situation. The problem be-

comes even more difficult when the dynamical

evolution of the shell is influenced by radiation

pressure on the grains. In this case, the number

and the size of the grains already formed deter-

mine the velocity of expansion of the shell.

Conversely, the decrease in the density and tem-

perature of the gas governs the growth of the

grains. A more detailed description of these

processes has been given by Deguchi (1980),

Draine (1981), McCabe (1982), and Gail and

Sedlmayr (1984b).

Deguchi studied shells of oxygen stars

(C/O < 1) at 2000 and 2500 K, where the mass

loss is caused by the radiation pressure on the

grains. The shell is supposedly optically thin
and ToLr-1/2. The decrease of T follows the

equilibrium temperature of a blackbody in a ra-

diation field free of any adsorption and inde-

pendent of the law of density of the gas in the

shell. The coupled equations describing the mo-

tion of the gas and that of the grains are given

without approximation, but are solved inde-

pendently on each side of the sonic point. In

these conditions, the nucleation of silicate

(forsterite: Mg 2 SiO4) occurs in a restricted

part of the shell. Grains grow to several hun-

dreds of angstroms if the mass loss is 10 -6 M o

yr -1 and to several thousands of angstroms if

it is 10 -5 Mo yr -1. Unfortunately, the

temperature of the grains is not taken into ac-

count. For grains of forsterite, this temperature

is lower than that of the gas. This must increase

the nucleation, but can also limit the growth,

due to the rapid depletion of the condensing

gas.

Draine (1981) in the case of a Ori and

McCabe (1982) for a carbon star take into ac-

count the temperature difference between the

gas and the. grains. The formation of grains is

more efficient when it occurs near the star,

where the density and the temperature of the
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gasarehigher.Thisispossibleonlywithmate-
rialswhichabsorbthestellarradiationpoorly
and,onthecontrary,easilyemittheirownther-
malradiationin infraredbands.Thengrains
arecoolerthantheblackbodywith thesame
shape,andaninversegreenhouseeffectoccurs.
It happenswithpuresilicate("clean"silicate)
and siliconcarbide.However,the infrared
emissionbandat 10#observedaroundmany
cooloxygenstarscanexistonlyif thesilicate
grainsabsorbedenergyatshorterwavelengths.
Aroundcoldstars,theultravioletradiationis
toolowtoheatthegrains.Thus,silicateswhich
aremoreor lessabsorbingin thevisibleand
nearinfraredmustbeconsidered"dirty" sili-
cates.Theinversegreenhouseeffectnolonger
existsfor suchgrains;theycannotbeformed
asclosetothestarascleansilicates.Thatiswhy
Draineconsidersanevolutionof thequalityof
thegrainsthroughouttheshell.Thispossibility
wasalreadymentionedbyWeymann(1977).
Verycloseto thestar,cleansilicatesnucleate
and,whentheyaredrivenaway,becomecon-
densationnucleifor absorbingmoresilicates.
At everypointin theshell,thequantityof ab-
sorbingmaterialislimitedbyanincreaseinthe
temperaturethatit determines.Thusthetem-
peratureof thegrainsisnearlyconstantwhile
theygrow.Theopticalpropertiesof suchgrains
arenotknown.In thecaseofa Ori, the nuclea-

tion near the star requires an ejection velocity

lower than that observed in the outer part of

the shell.

The scenario proposed by McCabe (1982) to

explain the formation of grains in the shell of

a carbon star proceeds from the same idea.

Near the star, graphite grains are much hotter

than the blackbody and can nucleate only with

a very high partial pressure of carbon. On the

other hand, silicon carbide grains are cool

enough to condense. Around a star at 2230 K

(IRC + 10216), SiC grains form at 1.5 R.. If

their opacity is larger than 1, the attenuation

of the stellar radiation is such that the nuclea-

tion of graphite grains becomes possible at

about 5 R. and their growth up to 20 R.. This

happens only in optically thick shells. When the
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shell is thin, clusters or grains of SiC could also

serve as condensation nuclei for graphite.

The nucleation and growth in a supersonic

wind driven by dust condensation was studied

by Gail et al. (1984) and Gail and Sedlmayr

(1984b) around heavily obscured carbon stars.

The coupled equations describing the hydrody-

namics, the dust formation, the grain growth,

and the chemistry have been solved numer-

ically. For a star with Tff -- 2300 K, M = 1

M o , and L = 2.104 L o , the nucleation of
carbon grains occurs at 3 R,, and the average

radius of the final distribution is 2.10 -6 cm

(Figure 4-1). The sharp peak in the variation

of the average radius is due to the fast growth

of the first grains. Then the production of a
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Figure 4-1. Nucleation and growth of carbon

grains around a star with T = 2300 K, M =
4 elf

1 M o, andL = 2.10 L o (from Gailand
Sedlmayr, 1984b). The nucleation rate J (10 -1°

grains cm -3 s -1) and the number of grains per

hydrogen atom (top). The average grain radius

a (cm) and the number density of grains (10- 2

cm -3) (bottom). These results correspond to a

mass loss of 2.10 -5 M o yr -1.



larger number of very small grains (nucleation

peak) makes the average size decrease. The

grains are all formed within a thin shell.

Conclusions

The theory of homogeneous nucleation rea-

sonably allows one to understand how grains

are formed around cold stars and to locate the

nucleation zone. The total number of grains,

their final size, and their structure are more un-

certain and are sensitive to various simplifica-

tions used in the models of the shell. The main

uncertainties concern:

The values of physical parameters of sol-

ids: the surface tension of the bulk mate-

rial and of the small grains, the optical

properties of very small aggregates, and

the modifications of the refractive index

due to impurities or defects

• Kinetics of the growth of grains in an ex-

panding gas

The complexity of a real shell, compared

with the extreme simplification of models, must

be kept in mind. The gas contains a wide num-

ber of species with the ability to condense or

deposit onto other grains. The outline of con-

densation theoretically obtained when the ther-

modynamical equilibrium is assumed, in ab-

sence of a strong radiation field, may be quite

erroneous. The presence of molecules or radi-

cals necessary for the nucleation works is not

always obtained (Donn, 1976). The heteromo-

lecular nucleation (i.e., the condensation of two

or more different molecules) must also be con-

sidered. The nucleation of one specie is some-

times allowed only if another definite specie is

present (nucleating agent); for instance, in the

high terrestrial atmosphere, water nucleates in

the presence of sulfuric acid.

A circumstellar shell is not an homogeneous

medium. Local condensations or strong varia-

tions in the density permit the nucleation to be-

gin, whereas the average density appears to be

too low. The production of grains in definite

sites makes possible an extension of the nuclea-

tion to regions of lower density or gives the en-

tire shell condensation nuclei. Some of these

complications were already considered by

Salpeter (1974). When the number density of

grains becomes high, coagulation works effi-

ciently. Then the growth is faster and continues

even when the supersaturation ratio is lower

than 1. Coagulation is particularly efficient if

every kind of turbulence is taken into account

(Scalo, 1977). It could explain the existence of

nonspherical grains such as those proposed by

Svatos and Solc (1981) to obtain the polariza-

tion observed in Mira variable stars.

The propagation of shock waves in circum-

stellar shells probably influences the evolution

of grains. Can they initiate the processes of

growth by suddenly increasing the density or,

on the contrary, destroy the grains by radiative

heating? Many works exist on the propagation

of shock waves in dusty gases. This mainly con-

cerns the expansion of inhomogeneous gases in

nozzle flows. Analytical methods perfected by

hydrodynamicists will certainly be useful

(Rudinger, 1973; Blythe and Shih, 1976). How-

ever, the problem must be stated in the frame

of astrophysical conditions. The presence of a

strong radiation field and unusual scale of time

and dimension require special treatment.

The temperature of grains is calculated by

using a well-defined photospheric stellar radius

and the blackbody radiation at the effective

temperature. In reality, this differs somewhat,

mainly among the supergiants; the radiation at

different wavelengths does not reach the same

photospheric levels. The dilution factor of the

radiation field should be a function of the

wavelength. Schmid-Burgk and Scholz (1981)

studied the possibility of forming grains inside

the photosphere when the effects of sphericity

are taken into account. The equilibrium tem-

perature of grains is no longer purely radiative

and is just higher than that of the gas. Schmid-

Burgk and Scholz concluded that grains of

Al203 can exist in the upper part of the atmo-

sphere of low mass M giants.

Since the early fundamental works of

Salpeter (1974) and Tabak et al. (1975), our
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knowledgeof nucleationandgrowthofcircum-
stellargrainshasprogressedunderthepressure
of thefastdevelopmentof infraredphotom-
etry.Furtherprogresswillprobablyfollownew
findings on molecularabundancesand
chemistryin theshells.It isvitalto knowall
aspectsoftheshell'sinterior--notonlytheden-
sityof monomersandmoleculesdirectlyim-
pliedin thegrowthof thegrains,suchasC,

C 2, C 3 .... or SiO and metallic oxides, but also

the density of any molecules built with C, Si,

or Mg.

RADIATIVE TRANSFER IN

CIRCUMSTELLAR DUST SHELLS

The absorption and the scattering of the stel-

lar light in a circumstellar shell and the thermal

infrared emission of the grains are obviously

the physical consequence of the nucleation and

growth of solid particles around cold giant and

supergiant stars. However, it appears that most

of the works on radiative transfer in circum-

stellar shells have been developed independently

of those devoted to the formation of grains.

Models of shells were built mainly to explain

the results of photometry, particularly in the

infrared. The constraints imposed by these re-

sults are indeed stronger, more numerous, and

more accurate than those issued from the the-

oretical study of the nucleation and growth. For

instance, the existence of silicate is indicated by

their infrared bands and could not have been

deduced for certain from the nucleation theory.

Our knowledge on the nature and the size of

the grains results from the best fit between

models and observations. Studies on nucleation

and growth most often attempt to justify a pos-

teriori the existence of the grains proposed in

the models. It must be hoped that this situa-

tion will evolve and that future works will in-

clude all aspects of the problem, including the

dynamics of the gas and molecular equilibria.

The equation of radiative transfer must be

solved in a spherical extended atmosphere--

the shell--with a central source of radiation.

Around cold stars, the ultraviolet radiation is

too weak to ionize the gas in the shell; the grains
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alone are responsible for absorption, scatter-

ing, and emission. At every point in the shell,

the radiation field is anisotropic. The methods

of treating the radiative transfer arise directly

from those perfected for stellar atmospheres,

with different approximations from one author

to another. After the work of Leung (1976), the

most comprehensive studies devoted to the

shells of cold stars are those by Jones and Mer-

rill (1976), Mitchell and Robinson (1981), and

Rowan-Robinson and Harris (1982, 1983a,

1983b).

Generally speaking, flux curves are correctly

fitted to spherical models for families of stars

of the same spectral class, luminosity type, and

chemical composition. Some difficulties exist

at long wavelengths and in the absorption

bands. Moreover, the right fit is often obtained

by arbitrarily adjusting the optical properties

of grains. The influence of different parameters

will be examined first. Then the results obtained

for oxygen stars and carbon stars will be sum-

marized. Lastly, the influence of departures

from spherical symmetry will be discussed.

Resolution of the Transfer Equation

in a Spherical Shell

The main goal is to obtain a correct descrip-

tion of the radiation field at every point in the

shell. The range of wavelengths taken into con-

sideration is necessarily very large to include the

stellar radiation, the scattered light, and the

thermal emission of grains. At short wave-

lengths, the scattering diagram of the grains,

which fixes the angular repartition of the

scattered light, must be carefully represented.

High scattering orders--corresponding to pho-

tons scattered several times--cannot be ne-

glected when the optical depth is larger than

one. The simplifications most often concern

this point; they usually give the correct result

for quantities integrated over the entire spec-

trum when short wavelengths have a weak in-

fluence. On the other hand, the determination

of the angular repartition of the radiation re-

quires a precise description of scattering. Scat-

tering by grains is never isotropic. When the



grainsaremuchsmallerthanthewavelength,
scatteringisonlysymmetric(Rayleighscatter-
ing).Forsubmicronicgrains,it isalwayspossi-
bletogiveasimpleandaccuraterepresentation
of thescatteringdiagramat everywavelength
(White,1979).

Todefineamodel,it isnecessaryto fix the
stellarcharacteristics(effectivetemperatureand
radius),thegeometryof theshell(innerand
outerradiianddensity),andthepropertiesof
grains(sizeandopticalproperties).Thestaris
theonlysourceof energy.Wemustknowthe
flux it emitsateverywavelengthanditslimb-
darkening.Thevalueof theeffectivetempera-
turedeterminesthetemperatureof thegrains
andthelowerlimit of theinnerboundaryof
theshell.Thephotometricradiusisusuallyused
tonormalizeotherlengthsanddoesnotappear
explicitly.However,itsdefinitionisnotevident
forlow-gravitystars.Forinstance,theangular
diameterof Mira obtainedby speckleinter-
ferometry(Bonneauetal., 1982)varieswiththe
wavelengthduetotheextensionof thephoto-
sphereandthewavelengthdependenceof the
opacity.

Theshellis limitedbytwospheres.Thein-
nerboundaryof radiusR i may have different

physical origins depending on other circum-

stances. It may be:

The vaporization limit of the grains where

they reach their maximum temperature.

Closer to the star, they disappear in a

time shorter than any other characteristic

time of their evolution (expulsion, period

of the star, etc.). For small graphite

grains, it corresponds to about 1800 K,
and for silicate to 1200 K.

The region of nucleation and growth of

the grains. The temperature of the hot-

test grains has practically the same value

as the above; for a total gas density of

10 -1° to 10 -12 cm 3, the nucleation is pos-

sible and efficient for these values. In this

situation, the density of the gas is impli-

citly assumed to be higher than the satu-

ration limit. Mitchell and Robinson

(1980) pointed out that the concept of in-

ner boundary is an abstraction: the nu-

merical density and the size of grains vary

over a finite distance and what does ex-

ist is rather an "inward tail." However,

the nucleation and growth has maximal

efficiency in a narrow region of an ex-

panding shell mainly because of the de-

crease of the density of condensable

material (Draine and Salpeter, 1977).

Around a variable star, for different val-

ues of the phase, the inner boundary may

be alternately defined by condensation

and vaporization. The temperature of

hottest grains is then nearly constant, but

R i varies.

Finally, in an expanding shell without

permanent nucleation, the inner radius is

determined by the dynamical evolution

and is larger than in the two preceding

cases.

The outer limit i_ less precisely defined. For

a shell that is expanding with a constant veloc-

ity, it corresponds to the time of expansion. It

may also be due to the interaction with the dif-

fuse interstellar medium. In actual fact, the

shell must be bounded to keep its mass and far-

infrared luminosity within limits fixed by the

observations and the theory. The outer radius

is most often taken to obtain the correct value

of the flux at the longest measured wavelength

or to give the right intensity ratio for the two

silicate bands at 10 and 20 #.

The law of density is most often taken as

R -2, corresponding to free expansion at con-

stant velocity. If the formation and the ejec-

tion of dust are not continuous processes (San-

ner, 1976; Bernat, 1981; Goldberg, 1983), the

structure of the shell may be much more com-

plicated. The model of grain used in the model

is the main source of uncertainty. The distribu-

tion of dimensions, or the average dimension,

have little influence on the equilibrium temper-

ature for submicronic particles. On the con-

trary, optical properties have a strong influ-
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ence.Practicallyspeaking,it wasalwaysnec-
essaryto fit themodelsto modifytherefrac-
tiveindexmeasuredon terrestrial materials.

This point will be considered separately for

graphite and silicates. Nevertheless, such an

adaptation of an important parameter does not

discredit models. It is not surprising that solid

material built in circumstellar shells is some-

what different from pure species studied in the

laboratory. This indicates an area for ex-

perimental and theoretical research, but it must

be kept in mind that the optical properties

adopted by each author are not the only possi-

ble choice.

Before models built for different kinds of

stars are considered, some general results will

be discussed.

Circumstellar Extinction Opacity Law. If/CA)

is the intensity of the radiation emerging from

the shell in a given direction and/CA) is the in-
tensity emitted by the star, the effective opacity

of the shell, _'CA), can be defined by:

ICA) = /CA) exp (- rcA)) (4-9)

The function rcA) must be known in order to

infer the stellar properties from the observa-

tions. Along the radial direction, the extinction

opacity is:

f R ext

rex t (X) =j ne) na2Qext (X)dr , (4-10)

R int

where n(o is the number density of grains, a is
their radius, and Qext CA)is their extinction ef-

ficiency. If a distribution of dimensions must

be considered, a second integration is done over

the radius. Similarly, re _ and %bs are defined

with the scattering efficiency, Qsca' and the ab-

sorption efficiency, Qabs" These three quanti-

ties are proportional to the column density on

the line of sight. They vary with X exactly as

Q's do. In the diffuse interstellar medium, any

photon having an interaction with a grain (ab-
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sorption of scattering) is lost for the observer.

Then rext computed along the direct trajectory
from the star to the instrument gives exactly the

effective opacity. The interstellar extinction

curve has the shape of the variation of Qext

with the wavelength. It is not the same with an

unresolved circumstellar shell since photons

scattered in the shell will be received by the ob-

server. The shape of the circumstellar extinction

law is consequently different from that of the

interstellar extinction law at wavelengths where

scattering is efficient, even if the grains have

the same properties. However, rext has a sim-

ple physical meaning: exp (-rex t) is the prob-

ability for a stellar photon to go out through

the shell without absorption or scattering.

Thus, the direct stellar radiation is:

IdCA) = /CA) exp (-rextCA)) (4-11)

and necessarily TCA) < _xtCA). The equality oc-
curs when the albedo is zero. When the shell

is optically thin, a photon has a low probability

to suffer more than one interaction. The only

photons which cannot get out of the shell are

those absorbed without previous scattering. The

probability for a stellar photon to travel

through the shell without absorption is exp

(-Tab s). The emerging intensity is then in the
thin case:

/CA) = /oCA) exp (-rabsCA)) , (4-12)

and r = %bs" This is true only if _c_ is low.
When multiple scattering is significant, it effec-

tively lengthens the path of the photon into the

shell and increases its probability of absorption:

Tab s _. T _ 7 ext
(4-13)

Moreover, r is not a linear function of the

number density of grains. The circumstellar law

of opacity has a shape different from that of

the interstellar one.

Advances in high angular resolution meth-

ods, particularly in interferometry, should

bring important results. When the direct stellar



radiation,Id(X ), and the radiation scattered by

the entire shell, Ica(X ), can be unambiguously
separated, for a spherical thin shell:

i(x) =/.(x) + /ca (X)

= /o0,) exp (-r bs(X))

(4-14)

and

Ia(X ) = /(X) exp (-rextCh)) (4-15)

Then

5<a(X) = In (I(X)/IdfA)) (4-16)

Measurements at different wavelengths would

give the shape of the variation of Qsca" If the

proper radiation of the star/0,) is known, the
albedo is given by:

In (I (X)]I a CA))

7 = In (/(X)]Ia(X)) (4-17)

The condition of validity of these relations must

be emphasized; r ca must be low (i.e., I a(X)

must be lower than Id(X)). If it is not true, the
ratio gives a lower boundary for the albedo.

Intensity Profiles. Besides the flux curve, the

more complete calculations give the angular re-

partition of the radiation at every wavelength.

Mitchell and Robinson (1978) and Rowan-

Robinson (1982) have pointed out the existence

of a sharp maximum of the luminance in the

direction of the inner boundary of the shell.

This result was also found by Yorke and

Shustov (1981) for protostellar shells and by

Lef_vre et al. (1982) by numerical simulation.

This bright ring corresponds to the maximum

of the column density of grains reached when

the impact parameter is equal to the internal

radius of the shell. A maximum appears even

if the variation of density is not as sharp as in

the models. On the other hand, the central low-

ering of the intensity profile is reduced by the

forward scattering of grains. The maximum

also exists for the scattered stellar light and the

infrared thermal emission of grains. It is less

and less pronounced when the opacity in-

creases. The existence of a peak of luminance

is important in the interpretation of high an-

gular measurements. If the bright annulus can

be detected, one limit of the shell is fixed with

precision, and the radiative equilibrium of

grains will be better understood. Preliminary

results obtained by Roddier and Roddier (1983)

for a Ori at k = 0.535 # indicate a concave

bright rim at about 2.5 stellar radii. If it is con-

firmed and is clearly attributed to scattering by

dust, this implies the existence of much less-

absorbing grains than those proposed in

models.

A maximum of the luminance must appear

for every discontinuity of quick variation of the

number density of grains; the detection of rings
at different distances from the star could allow

one to follow the history of successive ejections

of matter when the rate of grain production is

not constant.

Shells Around Oxygen Stars

The main features presented by the shells of

oxygen stars are the broad emission bands at

10 and 20 # attributed to silicates. Several works

are devoted to the general properties of shells

and give grids of models with adjustable param-

eters: Jones and Merrill (1976), Mitchell and

Robinson (1981), and Rowan-Robinson and

Harris (1982, 1983a). Some other works were

developed for a particular object: Hagen (1978)

and Tsuji (1978, 1979).

Jones and Merrill (1976) made the first

quantitative attempt to explain the main char-

acteristics of the flux curve for families of cold

stars. The transfer equation is solved with the

help of the Eddington approximation, and the

angular repartition of the radiation is not cal-

culated. The objects studied present a wide

range of opacities. The flux curve and the pro-

file of emission bands are obtained with good

precision for stars with an effective temperature

of 2400 K. A valuable result of this study shows

the impossibility of obtaining a good fit with
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cleansilicatesbetween0.25and8/z. The model

of dirty silicate (m = 1.55-0.1 i for _ < 8 t0,

widely used afterward, was proposed. Clean

silicates (olivine or enstatite) absorb the ultra-

violet radiation but are transparent for the visi-
ble and the near infrared. Cold stars do not ra-

diate enough energy at short wavelengths to

heat the grains. The absorption of clean silicates

begins beyond 9 #; such grains cannot reemit

through their near-infrared band more than

they absorb and are unable to give the observed
emission. Grains must absorb in the visible or

the near infrared. This absorption may be due

to defects or impurities. However, no detailed

model of the dirty silicate absorption was given.

The profile of the emission band at 10 # is

always wide and structureless. The silicates
most often used in the models--enstatite

(SiO3Mg) and forsterite (SiO4Mg2)--present
narrower bands with several peaks when crys-

tallized. Thus, observations imply the existence

of amorphous silicates. The transfer in the

bands and the influence of various parameters

were studied extensively by Mitchell and Robin-

son (1981). For small grains of "forsterite,"

particularly grains with a = 0.1/z and m = 1.55

- 0.01 i for _, < 8/_, around a star at 3000 K,

they showed that the meaningful parameter is

the opacity. The 10-# band can appear either

in emission or in absorption. When the opacity

increases, the external regions of the shell are

no longer heated by the stellar radiation. The

cold grains absorb the radiation emitted by the

hotter internal region. When the density varies

as r-2, an emission is observed at 10 _ if rext (10

it) < 2. If 2 ( zext (10/z) ( 8, self-absorption
appears at the center of the band. For instance,

this is observed with NML Cyg. At last, if Zext

(10/_) > 8, the band is seen in absorption. The

band at 20/_ is generally less intense and can

also present this inversion. Mitchell and Robin-

son showed that, in every case, the determinant

physical quantity is the temperature of the

grains at the point where r t = 1, starting
from outside.

The profile of the 10-tt band has recently

been studied by Papoular and P6gouri6 (1983)

around 23 giants and supergiants. The profile
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is the same for several shells and is attributed

to amorphous forsterite grains with a < 1 #.

For some giants, the band is wider. This is not

correlated to the spectral type of the star or the

opacity, but rather to the galactic latitude. A

possible explanation is a variation of the radius

of grains, up to 4 #. The increase of the size

with the galactic longitude could be due to dif-

ferences in the conditions of nucleation or mod-

ifications of erosion processes.

The most extended grid of models for M

giants and supergiants was given by Rowan-

Robinson and Harris (1982, 1983a). For 27

early M stars and 85 late M stars, a satisfac-

tory concordance is obtained with the flux

curves observed using small silicate grains sim-

ilar to those of Jones and Merrill (1976) and

with density varying r -2. For each star, the

opacity and the dimension of the shell are ad-

justed. The effective temperature is between

3000 and 3500 K for early-type stars and 2000

and 3000 K for late-type stars. In most of the

cases, inner grains are hotter than 1000 K, but

they are colder near the hottest stars when the

opacity is low. Molecular bands do not suffi-

ciently modify the total energy absorbed by the

grains to have an effect on their equilibrium

temperatures and the thermal radiation emit-

ted by the shell. In most cases, scattering of an

order greater than one can be safely neglected.

This is the case, for instance, when the star is

surrounded by small absorbing grains: most of
the stellar radiation is in the near infrared where

the albedo of such grains is very low. It is no

longer true if the grains are large. On the whole,

the observations are well explained by the grid

of models with expanding spherical shells and

more or less absorbing silicate grains. More-

over, VY CMa and NML Cyg must be consid-

ered separately owing to their asymmetry. For

any of the objects studied, the model proposed

by Rowan-Robinson and Harris is a good start-

ing point for further adjustments.

The most often studied star is certainly a

Ori. Models for its shell have been built by

Hagen (1978) and Tsuji (1978, 1979). In a very

detailed study, Tsuji used the method of Unno

and Kondo (1976, 1977) to solve the transfer



equation.Withdirtysilicategrains(k = 0.01
andk = 0.1), angular dimensions compatible

with the results of infrared interferometry

(McCarthy and Low, 1977; Sutton et al., 1977)

are obtained at different wavelengths. In this

model, it is the inner boundary of the shell very

close to the star: R _, R, to 3 R.. From the
l

total flux and the angular diameter, Tsuji de-

duces an effective temperature of 3900 K. Un-

fortunately, dirty silicate grains as considered

in the model cannot survive so close to such a

star; they would be hotter than 2000 K. Rowan-

Robinson and Harris used Tff --- 3250 K and

obtained R i = 10 R.. The results of Roddier
and Roddier (1983), already quoted, suggest

R i _ 2.5 R.. Thus, near the star, the grains

must be less absorbing than those used in the

models. The value adopted for the effective

temperature is the determinant. Scargle and

Strecker (1979) proposed Tff = 3580 K, using

to deredden ct Ori a law having the same shape

as the interstellar reddening law. Further deter-

minations of the angular repartition of the light
scattered around ot Ori are needed in the visi-

ble and, when possible, at 10 #. If the existence

of grains close to the star is confirmed, the

model of nucleation and growth proposed by

Draine (1981), with clean silicate grains at the

lower part of the shell and more absorbing ones

outward, would not only be a solution for the

thermodynamical problem of the condensation

of grains, but would also explain the angular

repartition of the radiation.

Shells Around Carbon Stars

The infrared emission of shells of carbon

stars do not present strong bands. An emission

feature at 12/_, attributed to silicon carbide, is

always weak. In all the models, the grains re-

sponsible for the absorption and the emission

into the shell are carbon grains. Silicon carbide

could not produce the emission observed at

large wavelengths. The thermal emission is not

always clearly distinct from the stellar contin-

uum because carbon grains can survive close to

the star and can emit efficiently in the near in-

frared. On the whole, it is possible to obtain

a good representation of the flux curve with an

expanding spherical shell and small carbon

grains. Jones and Merrill (1976) mention that

the emission peak moves to a larger wavelength

when the opacity increases as the flux curve be-

comes narrower. This is due to the absorption

of the stellar radiation and of the near-infrared

radiation of hotter inner grains. Bergeat et al.

(1976), analyzing the photometry of 29 carbon

stars, concluded that the thermal emission be-

tween 1.25 and 8 tt is due to graphite grains of

radius greater than 1 #. In their sample, Miras

have lower effective temperatures and thicker

shells of cooler grains. Large grains efficiently

scatter the near-infrared radiation, and their ex-

istence could be tested by high angular resolu-

tion measurements.

The results obtained in the far infrared be-

yond 20 # and, for some stars, in the millimetric

waves (Fazio et al., 1980) are much more diffi-

cult to explain with crystalline graphite grains.

The extinction efficiency measured for amor-

phous carbon grains by Koike et al. (1980) de-

creases as k -_ and allows a better fit.

Models of shells have been presented for 41

carbon stars by Rowan-Robinson and Harris

(1983b). A simplified parametric representation

of the extinction efficiency of carbon grains is

used. The decrease of Q_t at large wavelengths

must be slow, and this excludes graphite. In

these models, hotter grains are at 1000 to 1300

K. The authors mentioned that the temperature

"tends to be lower for larger shell optical

depths."

As for silicates, the optical properties

adopted for carbon grains are sometimes arbi-

trary, and more attention must be paid to im-

prove the coherence of models. Optical proper-

ties of graphite grains are not always correctly

described. Graphite is strongly anisotropic. For

spherical grains smaller than the wavelength,

the extinction efficiency is:

2 ± 1 II
aext CA) = --_ Qext CA)+ _ aext CA) ,(4-18)

where O_t is the extinction efficiency, the elec-

tric vector is perpendicular to the c-axis of the
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crystal, and Qenxt is the extinction efficiency

when it is parallel to the c-axis. The refractive

index measured by Philipp (1977) allows the

determination of Q_t and Q/t is obtained

from the results of Venghaus (1977). Beyond

10 #, the variation of Qext is dominated by

O_xt" This is clearly shown in the work by
Mezger et al. (1982) on the origin of the dif-

fuse galactic far-infrared and submillimetric

emission. As a result, up to 100 /_ Oext
decreases more slowly than _-2. Moreover, a

plasma resonance at 37 meV induces a secon-

dary maximum of the extinction efficiency

around 33/_.

An excess of emission has been observed

several times at 30 # with carbon stars. Forrest

et al. (1981) and Herter et al. (1982) obtained

the profile of this emission for IRC + 10216.

The profile of the band deduced by dividing the

observed flux by a continuum varying by )-1

(Herter et al.) presents a maximum at 30 #, but

this result, as mentioned by the authors, de-

pends on the method of deconvolution. Con-

versely, if the observed flux is divided by the

extinction efficiency of graphite grains, a

smooth continuum is obtained. More precise

determinations of Qext are needed for different
kinds of carbon to test the validity of this hy-

pothesis. Even if the emission band observed

has nothing to do with carbon, the problem still

remains: if graphite grains are responsible for

the emission around carbon stars, "something"

must appear at about 33 #.

Several models have been published for the

shell around IRC + 10216. However, the prob-

lem for this very interesting object is compli-

cated. The nature of the central star is not

known, and the shell is strongly asymmetrical.

With a model of a spherical shell, Mitchell and

Robinson (1980) nevertheless obtain a good fit

with the flux curve between 1 and 100 #. They

give a very comprehensive review of the mea-

surements and works published at this time. In

their model, the shell extends from 20 to 5000

stellar radii, and the density varies by r -13.

The effective temperature of the star is 2000 K.

The shell contains small graphite grains and a

small fraction of spheroidal SiC grains neces-
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sary for obtaining the correct flux between 10

and 14/z. The hotter graphite grains are at 600

K. A fairly similar model was proposed by

Keady (1982), but with amorphous carbon in

an expanding shell which corresponds to a mass

loss of 1.5 x 10 -4 M o yr -1. The influence of

the velocity field and the microturbulence on

the profile of CO infrared lines at 2 and 4.6/t

is taken into account.

For the same object, Rowan-Robinson and

Harris (1983b) found a shell extending from 5.5

to 550 stellar radii with a density proportional

to r -2. The hotter graphite grains are then at

850 K when Tff = 2000 K.
Without solving the transfer equation,

McCabe (1982) proposed a model to explain the

molecular abundances observed throughout the

shell and the nucleation and growth of grains

near the star. His scenario has already been de-

scribed: silicon carbide grains, responsible for

the emission around 12 _ can condense at r<

2 R.. Shielding the stellar radiation at short

wavelengths, they permit carbon grains to con-

dense and grow between 5 and 20 R.. This ex-

plains why the temperature of carbon grains is

lower than the condensation temperature at the

same place if the stellar radiation would not be

partially absorbed. It would be interesting to

confirm whether the quantity of SiC required

is compatible with the strength of the emission

at 12 #.

Finally, the problems encountered in build-

ing models of shells around carbon stars are

quite similar to those encountered with oxygen

stars. The exact nature of the grains and the

description of their optical properties require

further investigation. The experimental study

of amorphous carbon and polycrystalline

grains, from the near infrared to the millimetric

waves would be very useful.

Nonspherical Shells

Models of spherical shells necessarily give

no explanation of the intrinsic polarization of

stars. This polarization can be produced by

elongated grains in a spherical shell, but a very



efficientmechanismof alignment is required to

obtain a significant rate of polarization. The

morphology of the shell is then probably also

affected. The evidence of nonsphericity has

been recognized in some cases; it is always as-

sociated with a strong intrinsic polarization at

short wavelengths. The most striking examples

are VY CMa, NML Cyg, and IRC + 10216.

As for the latter, infrared interferometric meas-

urements by McCarthy et al. (1980) indicate an

asymmetry of the order of 3 to 1 for the prin-

cipal directions. Models of nonspherical shells

were at first mainly proposed to explain in-

trinsic polarization. The complete treatment of

the transfer of the scattered stellar radiation in

an ellipsoidal shell was realized without ap-

proximation by Daniel (1982), using numerical

simulation. A shell with a constant density can-

not produce a polarization higher than 12 per-

cent. The rates of polarization observed for VY

CMa--23 percent at _, = 0.38/z (Serkowski,

1973)--or IRC + 10216--24 percent at )_ =

0.64 # (Dyck et al., 1971)--require a different

repartition of the scattering material.

Another result highlighted by the computa-

tion is the persistence, when the opacity is mod-

ified, or a rotation of 90 degrees of the angle

of polarization at a fixed wavelength. In fact,

it is an individual property of grains which

multiple scattering does not smooth out. Daniel

(1982) obtains a relation between the index of

refraction, the average radius of the grains, and

the wavelength of rotation: this wavelength is

shorter for smaller grains. The rotation disap-

pears when the grains are strong absorbers, as,

for instance, graphite ones. The steep variation

of the angle of polarization is effectively ob-

served for several objects, and shell models

were built for ten strongly polarized stars. High

rates can be obtained only if the direct stellar

light is attenuated along the equatorial plane

and is scattered mainly near the polar regions

of the shell. For instance, the variation of the

rate of polarization of VY CMa and the modi-

fication of the angle at 0.9/z are well explained

by an ellipsoidai shell with a high opacity along

its equatorial plane. If the grains responsible

for the scattering and the polarization are

poorly absorbing silicates, their mean size is

0.26 tt (Figure 4-2). This model of bipolar

nebula was also proposed by Schmidt et al.

(1980) and Staude et al. (1982). More recent

models by Cohen and Schmidt (1982) for three

carbon stars have a similar morphology: a torus

or a disc of absorbing material obscures the

stellar radiation, and the scattered light comes

from the polar lobes. It is interesting to note

that GL 1403 (CIT6) clearly has a rotation of

polarization at 0.65 #; it cannot be produced

by graphite grains in an ellipsoidal shell of con-

stant density. The rotation shows that the re-

partition of the materials is complex. It can also

be due to silicon carbide grains.

The thermal equilibrium of grains and the

transfer of infrared emitted radiation in an el-

lipsoidal shell has been studied by Lef_vre et al.

(1983) by numerical simulation. Only the con-

stant density case was considered. This model

is certainly too simplified to represent reality,

and the essential purpose was to evaluate the

importance of the hypothesis of sphericity on

several physical quantities. In realistic models,

the law of repartition of density has a strong
influence on the results and cannot be fixed ar-

bitrarily. Density depends on the distance and

at least one angular variable. The first problem

to be solved is to understand the dynamics of

the shell and to describe the physical mecha-

nisms responsible for the loss of the spherical

symmetry. Rotation and magnetic field are

most often invoked. It is not certain that they

work effectively for evolved stars with large di-

mensions; the rotation velocity and the mag-

netic field are probably low in this case. The

shape of the shell can also be related to pro-

cesses which induce the ejection of matter at

the stellar surface, such as convection or shock

waves.

In a shell of constant density, the tempera-

ture of the grains around a cold star maintains

an almost spherical symmetry. As for silicate

and graphite, the part taken by scattered light

in the heating of grains is too weak to give sig-

nificant asymmetry of the repartition of tem-

perature. It would not be the same if the density

changed according to the direction; the stellar
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Figure 4-2. Variation of the rate of polariza-

tion p and of the angle of polarization Ofor VY
CMa. The dashed curves are the results obtain-

ed by numerical simulation by Daniel (1982).

They are compared to the measurements of

Serkowski (1973) (e) and Capps and Dyck

(1972) (A). The negative values of p correspond

to a polarization parallel to the polar axis of

the shell and the positive ones to a polarization

parallel to the equatorial plane. The variation

of 90 degrees for 0 corresponds to p = O. The

model is an ellipsoid with clean silicate grains

of radius a = 0.26 It.

radiation would be more attenuated along the

equatorial plane, and the decrease in the tem-

perature would be steeper. The radiation com-

ing from the shell is very anisotropic due not

only to the variation of opacity but also because

it is strengthened by the scattered light in the

polar direction. The anisotropy is low at large

wavelengths and disappears when the optical

depth is low in every direction. As a conse-

quence, the flux curve depends on the shorten-
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ing angle: the stellar radiation is lowered when

the observer is near the equatorial plane and

band profiles are modified. Since observations

are possible in one direction only, the interpre-

tation of the results with a spherical model may

lead to erroneous conclusions. The thermal en-

ergy emitted by the grains is equal to the energy

lost by the stellar radiation only if all the direc-

tions of space are considered. Generally, this

is not true for a single direction. For the same

reason, it is not possible to guess the total flux

emitted by the star and its shell when the in-

tensity is known in only one direction. The

effective temperature of the star deduced from

an evaluation of the flux would be different if

the shell is seen pole-on or equator-on. The

number of adjustable parameters used in a

spherical model almost always allows it to fit

the observed flux curve. Photometric and po-

larimetric measurements with high angular res-

olution are needed to set additional constraints.

Numerical simulations have shown that the

spatial repartition of flux is very asymmetric at

every wavelength when the opacity is low. The

shape of isophotes is mainly determined by the

shortening angle and do not directly reflect the

true dimensions of the shell. The bright annulus

observed toward the inner boundary of spher-

ical shells is again present when the extinction

on the line of sight is not too high, but differ-

ences of opacity through the shell change it into

a bright arc. The first results obtained by Rod-

dier andRoddier (1983) for ot Ori atX -- 0.535#

showed an asymmetric shell and a bright rim

over a large sector of the image. In Figure 4-3,

the visibility map of fringes produced by ot Ori

is shown. Their analysis allowed the image re-

construction of the shell. The results also dis-

played many fluctuations in the luminance: the

shell is certainly complex. Moreover, frequent

variations of the rate and angle of polarization

reflect modifications of the structure of the

shell at a rather small scale.

What developments can be expected in the

near future? When the spherical symmetry is

lost, the complexity of computations rapidly

grows; most of the physical quantities explicitly
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Figure 4-3. lsovisibifity curves of the fringes produced by _ Ori at X =

5348 ._ with the rotation shearing interferometer of Roddier and Rod-

dier (1983). A departure from circular symmetry is clearly seen. Elonga-

tions in the visibility function are at 90 degrees from elongations in the
image. Inner curves (low spatial frequencies) correspond to the shell.

involved in the resolution of the transfer equa-

tion depend on angular variables. It becomes

difficult to systematically explore the influence

of each parameter. Fairly simple repartitions

of density can be studied by numerical simula-

tion, but the increase of the computational time

rapidly limits the possibilities. The problem of

transfer must be tightly linked with the study

of the dynamic evolution of the shell.

Theoretical progress in the problem of the

formation of circumstellar grains and of the

transfer of radiation in a shell accompany the

advances of experimental methods. Spherical

models of expanding homogeneous shells have

thus far explained the flux curves obtained for

nonresolved objects. The detailed spatial anal-

ysis of molecular abundances, polarization,

luminence, etc. will consequently produce as a

consequence a new generation of models, tak-

ing into account the inhomogeneities of the

density, the effects of turbulence shock waves,

and the temporal variations. One can but hope

that the observations will not overemphasize ex-

otic objects, but will also provide results for

numerous shells with low opacity and slow vari-

ations. Significant progress in our knowledge
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of the properties of circumstellar grains will fol-

low. These observations will in themselves per-

mit the choice between candidate materials and

guide experimental research.
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