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Herbig Ae/Be (HAeBe) stars are pre-main sequence objects of
moderate mass representing the early evolutionary stages of 3 Pic-
type stars. The objects of both kinds are surrounded by dust disks/
shells, and the dust is believed to be continually replenished by
comet-like bodies orbiting close to the stars. As the dust particles in
the 3 Pictoris disk are likely to be as fluffy as cometary dust is, it is
reasonable to suppose that the grains around HAeBe stars could be
porous as well. This brings up the question, which we try to answer
here, of how the grain porosity affects the observational manifesta-
tions of the dust shells of HAeBe stars: the excess infrared emission,
anomalous extinction in the ultraviolet, and the peculiar behavior of
color indices and linear polarization during deep brightness minima
observed for about 25% of HAeBe stars (UX Ori, WW Vul, etc).

We have performed numerical Monte Carlo simulations of po-
larized radiation transfer in spheroidal inhomogeneous shells for
three different models of circumstellar dust grains. In addition to
the observational data mentioned above, intensity scans and po-
larization maps of the objects have been constructed in view of
possible future observations. It is found that the porosity of cir-
cumstellar grains weakly affects the spectral energy distribution
(when the grain model does not include particles with quite dif-
ferent optical properties) and does not show pronounced effects in
the intensity and polarization maps for all grain models considered.
On the other hand, the porosity normally reduces single-scattering
albedo of particles, and therefore, fluffy grains explain the spectral
energy distributions of UX Ori-like stars and their tracks in the
color-magnitude diagrams considered in combination much bet-
ter than compact grains do. However, highly porous, cometary-like
grains are unlikely to be abundant in the shells as they produce too
low linear polarization to account for the observations of the HAeBe
stars.  © 2000 Academic Press

Key Words: radiative transfer; polarimetry; interplanetary dust;
comets.

1. INTRODUCTION

stars were commonly attributed to the thermal emission of cil
cumstellar dust. The interest in the objects has quickened wh
recent observations showed the presence of a circumstellar d
around g Pictoris—the best studied object among Vega-typ
stars—and provided evidence of planet formation in the disk.

The precursors of the Vega-type stars are thought to be He
big Ae/Be (HAeBe) stars—young intermediate-mass (9
stars surrounded by dusty shells (or disks). Evidently, the stuc
of the dust shells of these stars along with the disks of Vega-tyy
stars should provide a better understanding of the formation pr
cess of planetary systems.

The formation of dust grains in the shells of HAeBe star:
is hardly possible, and stellar radiation pressure should quick
blow grains out of the vicinities of the stars. Therefore, som
authors believe that the dust particles are continuously deliver
to the internal layers of the shells by comet-like bodies (e.g
Voshchinnikov and Grinin 1991, Griniet al. 1996). A similar
hypothesis was suggested to explain the presence of dust arol
B Pic and other Vega-type stars (Hargeial. 1984, Weissman
1985, Telescet al. 1988).

In modeling of the dusty shells of HAeBe stars one alway
used compact particles (e.g., Sorrell 1990, Grigiral. 1991,
Voshchinnikov et al. 1996, Miroshnichenkoet al. 1997,
Pezzutoet al. 1997). There are arguments, however, in favo
of their fluffiness. For instance, if there is a strong processin
of the grains in the comet-like bodies, the circumstellar parti
cles should resemble cometary grains which are known to |
porous. Even if the hypothesis on the comet-like bodies is ne
correct, the circumstellar particles should be similar to interste
lar grains, and these latter are fluffy in accordance with som
contemporary interstellar dust models (see, e.g., Henning (19¢
and references therein). It can be also noted that fluffiness of t
grainsin the disk of Pic allows one to interpret available obser-
vational data in a more consistent way (Li and Greenberg 199¢
An evidence in favor of a porous structure of the grains in th

Large infrared excesses detected by the Infrared Astronorsirells of HAeBe stars may be a possibly low value of albedo c
cal Satellite (IRAS) for Vega and several other main-sequenttes circumstellar particles (Krivova and II'in 1997).
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160 KRIVOVA AND ILIN

In this paper we consider the effects of grain porosity on thkhree components. The refractive index of amorphous carbon
observational appearance of the dust shells: the spectral enagagyen from Rouleau and Martin (1991), and that of silicate—
distribution from the infrared to the ultraviolet, the variations ofrom Laor and Draine (1993). The volume ratio of silicate to
the colorindices for the HAeBe stars with Algol-like minima, themorphous carbon is 0.5 (Mathis 1996), and the filling facto
wavelength dependence of the linear polarization degree, intdn= (1 — P) is varied from 0.5t0 0.1.
sity scans, and polarization maps. The model used is describe@he MRN model well describes the optical properties of inter
in Section 2, and the results of our calculations are discussediallar grains and was practically always used in modeling of rz

Section 3 with conclusions given in Section 4. diative transfer in circumstellar dust shells. This model involve
bare silicate and graphite spherical particles with a power-la

2. MODEL size distribution. The model parameters are the exponent of t

distribution, the maximum and minimum particle sizes and th

Porous Dust Grains ratio (by number) of silicate grains to graphite ones. We include

As the nature of the circumstellar grains is not fully undef2N€ more parameter—the porosity of the gréfas-and varied

stood, to represent them we use three different models of inti}e material filling factorf = (1 — P) in the wide range from 1
stellar dust grains: (1) the model of Li and Greenberg (199% 0.03. The r_efractlve indices of _S|I|cate and graphite are fror
with very fluffy, cometary-like aggregates of grains, (2) the rd=20r and Draine (1993), and again the Bruggeman rule is use
cent Mathis (1996) model of interstellar dust with inhomoge- Ve do not discuss here the advantages and disadvantage:
neous grains of a moderate porosity, and (3) the classical moti§l dustgrain models used but refer areader to the correspond
of Mathis et al. (1977; hereafter MRN) with initially compact PaPers and reviews (e.g., Mathis 1990, 1998; Draine 1994).
grains. In all the models the porosity of particles is an additiona) NOt€ that some calculations for Mathis (1996) and MRN mod
varying parameter. els have beer_1 briefly d_escrlbed in our e_arller works (Kn_vovz
The grain model of Li and Greenberg (1997) was selected a8 1998, II'in and Krivova 2000). In this paper we mainly
basic one since itis close to the models of cometary dust and def&Sent the results obtained within the Li and Greenberg (199
grains in thes Pic disk suggested by Greenberg and Hage (199@9proach an(_:l compare them with thoge derlqu within two othi
and Li and Greenberg (1998), respectively. The model imp“@gproaches in order to draw conclusions which would be le:
that submicrometer grains have a silicate core and an orgarodel-dependent.”
refractory mantle and form porous aggregates. As is customary,
the aggregates are _represen'Fed by homogeneous spheres wiihall Geometry
effective refractive index defined by the Bruggeman rule (see, | ]
e.g., Bohren and Huffman (1983) for more details). Such an't iS assumed that the star is surrounded by an extended d
approach called the Effective Medium Theory (EMT) work§hell with the density distribution
well in many cases and gives a reasonable first approximation
in some others (Bohren and Huffman 1983, Welffal. 1994, 5
Stognienkeet al. 1995). A
The EMT is applied to find the effective refractive indices n(r) = o \/rf e+ <_) & ’ @)
both of the core-mantle subparticles and, then, of their porous
aggregates. The volume ratio of the silicate core to the organic
refractory mantle is taken equal to one. For aggregates, the filliwerer = (ry, ry,r;) is the radius vectomo ando are some
factor f (f =1— P, whereP is the porosity of aggregates, i.e. constants, and the surfaces of equal density are oblate spherc
the filling factor of vacuum) is varied from 0.1 to 0.01. Onlywith the aspect ratig®/B. The inclination angle ig, and the
single-size aggregates are considered as the size distributiofpagitude of ascending mode is always 96r the sake of sim-
dust grains in the shells is quite uncertain. The refractive indicgficity.
of Liand Greenberg (1997) have been adopted for the materialsBecause of grain sublimation there must be a dust-free ho
The optical properties of the effective homogeneous spheres @feadiusR;, at the center of the shell. It is difficult to distinguish
calculated using the Mie theory. between the distant, rarefied layers of the shells and interstel
In the model of Mathis (1996) interstellar grains of submimatter and hence to define the outer radRsg. Fortunately,
crometer size are assumed to be aggregates of silicate and amefsonable variations @, only slightly affect the flux from
phous carbon subparticles. The aggregates have a rather mogherobject in the spectral region being considered.

ate porosity § ~ 0.5) and the size distribution It should be mentioned that the geometry of the dust shel
, of HAeBe stars has been the subject of a long discussion—
n(a) o a de-(natra/a+ysa) (1) they form an extended shell or a more compact disk?—and

to now there has been no definite conclusion (see, e.g., Berr
wherey,, y», ysare constants. To treat such fluffyinhomogenowet al. 1992, Pezzutet al. 1997). Perhaps, both geometries exis
particles we use again the EMT, namely, the Bruggeman rule fancurrently.
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Radiation of the Objects 1993). Therefore, we adopt

The radiation of a star surrounded by a dust shell is the sum of s\ P
the stellar radiation (flux;") partly absorbed and scattered by T,xclx - (_X> Tf\lp (8)
dust grains in the line of sight, the radiation scattered in the shell Ay
in the direction of the observeF{°?), and the thermal radiation

of circumstellar dust particleg(erm where the exponentgxy are determined from the observed

slopes of the upper parts of the color tracks followinc
Voshchinnikov (1989), and&' is a parameter. To simulate the
tracks of a star in the color—-magnitude diagrams, we vary th
. . . . arameter from 0 to a very large val . Note that observed
wherer, is the optical thickness of the shell along the line Ogrightness drops exceed)&.ﬁ“f]mhicrlf?n?ans that\c,' should be

sight (the source is assumed to be unresolved). Note that in Ayl .
S e. Then the tracks weakly depend on variations)5f.
model F*®andt, depend on the inclination angje y cep

The spectral energy distribution is usually constructed in th§near Polarization
visual and infrared. In the ultraviolet the circumstellar extinction o )
curves are typically considered instead of it. The circumstellarAll three components of radiation of the object (see Eg. (3)

extinction is the ratio of the fluxes of a star with the dust shef@n be polarized: (i) the transmitted radiation if there are aligne
and the star without the shell nonspherical grains in the line of sight, (ii) the scattered radiatic

because of nonspherically symmetric density distribution (se
5 e.g., Grinin 1994), and (iii) the thermal radiation if dust particle:
A= _2'5|°9<|:_;)' (4} in the shell are nonspherical and aligned. It is easy to get t
following expression for the total polarization (Krivova 1998)
Note that the circumstellar extinction differs from that in the line Esca, pther Esca therm
of sight (z;) because of the contribution of scattered radiationp, _ Pis(l— PR ) 4 pwa | pemT ()

Fs F Fs

F)\ — F)ikefn + cha—F F}thherm’ (3)

Brightness Minima

. - . where P is proportional to the difference of the optical thick-
We adopt the hypothesis of Grinin (1988) that the b”ghmeﬁ%sm for light polarized in two perpendicular directions.

minima are due to screens (clouds, clumps in the shells) appeal e are interested in the polarization only within the visua

ing in the line of sight between the star and an observer (Sa?r?d - :
. S ) X near-infrared wavelength regions< 1 um), where the ra-
discussion in Herbstt al. (1994), Zaitseva and Lyutyi (1997))'ti0 Fhem/F, is small. When an eclipse of the star occurs, th

If the optical thickness of such a clumpsg, the total flux is polarization should change with the object brightness as

F (‘L'fl) = Ffe_“_ffl + cha+ F)Eherm’ (5)

cha cha
P,(AM,) ~ P°S<1— —) ypR__ (10
)L( )») A F)L:L&OAAm‘“ A F)‘lchAAmk ( )

where we imply that the size of the clurRS' « R considering
that Voshchinnikov and Grinin (1991) estimated the clump siz&$ie termPS* is determined by many physical processes whic

as a few tenths of astronomic unit. are difficult to simulate. Therefore, we use the valueB@fand
Then the dependence of the stellar magnitude of the objectBff?already separated by Berdiughal.(1992) from observa-
the optical thickness of such a screen is tions of polarization of the object at different brightness level

(and from observations of nearby stars to exclude the contrib
F;efrrr-f' + Fsea4 Fkthe"“ tion of interstellar polarization), and consider below only the
Frem 4+ F324 F/{herm . (6) P> term.

Amy(rf) = —2.5 Iog[

and for a color index Computational Methods

With the model described, we have calculated the spectr
AX =Y)=Amy, — Amy,, (7) energy distribution from the visual to the far-infraré&g, the
circumstellar extinction curves in the ultravioldy, the tracks
where X, Y are the photometric band names, and Ay are in the color—-magnitude diagramd < B), (B —V), (V — R),
their wavelengths. (V —1)vs AV, the wavelength dependence of the polarizatio
We do not consider the optical properties of dustin the clum°? the intensity scan§, (p), wherep is the impact param-
as they may strongly differ from those of “diffuse” dust in thester, and the polarization mag¥qx, y), wherex, y are the
shell. Information on grains in the clumps is rather insufficiemoordinates in the plane perpendicular to the line of sight.
and at the moment it comes mainly from the slopes of the uppetPolarized radiation transfer in the shell with the density dis
parts of the dependenag(X — Y) on Am (Friedemanret al. tribution given by Eq. (2) was simulated with a 2D Monte Carlc
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code developed by Fischer (1995). It is well known that such The tracks in the color-magnitude diagrams are mainly cor
codes are inefficient when calculating the dust temperakurenected with the optical thicknes$®® (only scattering of radi-
required to evaluate the ter@"®™ in Eq. (3). As the optical ation by dust) in the bands of observations (see Krivova an
thickness of the shells is not large it is possible to approximatén (1997) for more details). It is a bit more difficult to find
the temperature profile simply a(r)~ TS(r), wherer =|r| the principle parameters that determine other model charact
andTs(r) is the temperature profile of the spherically symmetristics such agy,, PS", andF, (p) (see, e.g., Voshchinniket al.
shell having a power-law density distribution with the exponeif1995, 1996), II'inet al. (1996), Krivova (1998) and references
« and the sizesR;,, Rout) along with the mass equal to those ofherein).
the shell with the density distribution given by Eg. (2).

When the temperature distribution is approximated in such a 3. RESULTS AND DISCUSSION
way, the infrared flux depends mainly on the radial distribution of
the circumstellar dust. Therefore, the extremely time-consumitirared Spectra
calculations with the Monte Carlo method for the shells with the 1o optical thickness of the shells in the infrared is small

spheroidal density distribution give essentially the same resuligq the thermal radiation of spherical (or nonspherical but n
as obtained in 1D modeling of the equivalent spherical shglligned) grains is isotropic. Thus, the shell orientation relativ
model. Thus, to calculate the spectral energy distribution forghe observer is of little significance for the total infrared flux
large number of wavelengths, we utilized the shell models Wit} 5,r model. Moreover, the flux weakly depends on the she
the one—dimgnsional density distribution descr.ibed above. shape and hence o%B (Krivova 1998). Therefore, we present

The radiation transfer problem for the spherically symmetrig, giscuss the spectral energy distribution obtained for a sph
shell models was treated with a 1D code of Eugel (Chinietal.  jc4)ly symmetric model equivalent to our spheroidal model (se
1986). Since this code, like most other 1D codes, operates 08¥qtion 2 for more details).
with sources of radiation having a blackbody spectrum, we useqp, Fig. 1 we show the spectra calculated for the shell aroun
the following approximation to be able to compare theoreticy\y vyl with circumstellar grains treated like those in the mode
and observed energy distributions of Li and Greenberg (1997). The filling factdris in the range
Fsca ptherm from 0.01to 0.1 and the sizes of the grainsase0.3 or 0.7 um.
%} (11) The effects of the porosity for Mathis (1996) and MRN grain

A models have been briefly discussed by Krivetal.(1998) and
1Jl’in and Krivova (2000), respectively.

As may be seen from the figure, the 10-fold decrease of tt
filling factor f scarcely affects the spectral energy distribution
The same result was obtained for the Mathis (1996) model wif
Parameters of the Model f varying from 0.45 to 0.15 (Krivovat al. 1998). This is not

o ) ) ) ) particularly surprising since the optical properties of the grain
Our aim is to consider possible grain porosity effects and

not to perform a detailed interpretation of observational data

available for a HAeBe star. Therefore, a model of the relatively -8 r ' '

well-studied object WW Wul (spectral class A0 and distance

550 pc according to Friedemara al. (1993)) which fits the

observed infrared spectrum is selected, and porosity of the cir-

cumstellar grains is varied in a wide range. The values of most

parameters are kept constaRi,(= 1.9 AU, Ryyt=4 x 10° AU,

a=15 A/B=5, T, =9500K,L,=80L),and only the value

of ng is changed along with the grain porosity so that the opti-

cal thickness of the shell in the visug}s (only absorption of

radiation by dust) is the same. A1
It should be noted that there are only few main parameters of

the model. For instance, in the infrared the profile of the spec- i

tral energy distributionK;) is mainly dependent on the optical log %, um

thicknesst2*S at about the wavelength of the source radiation

maximum (lvezic and Elitzur 1997, Krivova and II'in 1997). FIG.1. Spectral energy distribution for the shell with the grains having the

Other important parameters areand Ry, (€.g., Krivova 1997). sizea=0.3 um and the filling factorf = 0.03 (solid line) and 0.1 (dot-dashed

line), anda=0.7 um and f =0.03 (dashed line) and 0.01 (dotted line). The

The remaining characteristics of the shell and of the Clrcurar_ain model of Li and Greenberg (1997) is used. The squares show observatic

stellar grain ensemble affect rather slightly the spectral energyyw vul by Cohen (1973), Glass and Penston (1974), Kologitba. (1977),
distribution. Weaver and Jones (1992), andetial. (1994).

Fp~ FAK”r[e” +

where FXU is the flux of LTE stellar atmosphere model o
Kurucz (1979),FP° =7 B, (T,), B, is the Planck function, and
T, is the stellar effective temperature.

log AF,, erg emZs!
o
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regularly change with their porosity and the optical thickness ‘ '
r\";‘bswas kept constant. As mentioned above, it is this parameter
that primarily determines the spectral energy distribution.

A different situation arises with the MRN model, which in-
cludes two populations of grains (bare silicate and graphite par-
ticles) with quite different optical constants. The porosity of the
grains affects the optical properties and hence the temperatures
of silicate and graphite particles in a different way. This results
in a rather complicated dependence of the spectral energy distri- 0+
bution on the grain fluffiness manifested mainly in the near- to
mid-infrared as a change of the infrared peak shape and location
and of the silicate emission bands strength (see II'in and Krivova
(2000) for more details).

As an illustration we also give in Fig. 1 the values &f FIG. 2. The circumstellar extinction curve for the shell with the grains of
eXp(‘t/i\S) which are the fluxes of WW Vul observed by Cohe'qliffergnt si_zes and porositie_s. The grain parameter values and potations are
(1973), Glass and Penston (1974), KOlOtidﬂ‘al.(1977), Weaver descnped in the legend to Fig. 1. The squares show the observations for NX F

. from Tjin A Djie et al. (1984).
and Jones (1992), and Et al. (1994) and corrected for inter-
stellar reddening. The optical thicknez%%was estimated from ] ] ]
Eis ,, =0.14 (Friedemanetal.1993) in the standard way using/" f < 0.5 (such a maximum of the opacity per mass ratio ha
the mean interstellar extinction curve from Whittet (1992) argen noted by Mathis (1996)). For WW Vul, with the4gra|n mode
the value ofRy = Ay /Eg_v =3.1. of Li and Greenberg (}1997) we gbteny~ 3.2 x 107* Mg, for

Note that the aim of the paper is to investigate the effects & 0-1 and~3.8 x 10™" M, for f =0.01.
the grain porosity on the observational manifestations of the dltst tellar Extinction C
shells, rather than to fit the observational data. That is why wareumstefiarextinetion Lurve
did not look for an excellent fit to the data for WW Vul. A better The spectral energy distribution in the ultraviolet is better see
agreement may be reached, for instance, by changing the optigh&n represented in the form of a circumstellar extinction curve
constants of the grain materials which are not well establishidFig. 2 we show such curves normalized to the extinction in th
and should be considered rather as a parameter. On the othdyand (@, — Ay) for the shell around WW Vul with circum-
hand, it has been noted many times that the same spectral enstglar grains treated like those in the model of Li and Greenbe
distribution can be well fitted by a rich variety of shell model$1997). The dependence of the curves on the Ftiband other
(e.g., Stenholm 1990, Thamet al. 1994, Men’shchikov and shell parameters may be well understood from the detailed fi
Henning 1996). ures given (for a bit different model) by Voshchinnikev al.

The flux of WW WVul atx =1.3 mm was measured by Natta(1996).
etal.(1997). Even without the beam size correction (the apertureThe observational curve is not available for WW Vul, but it
used was 1, which corresponds to 6000 AU for WW Vul) ourwas obtained for some other HAeBe stars, e.g., HD 2594
theoretical poinf, ~ 0.3 mJy is essentially below the observedSitko et al. 1981) and NX Pup (Tjin A Djieet al. 1984).
valueF, ~ 10 mJy. We do not discuss this discrepancy becaulseFig. 2 we show the curve for NX Pup. This star HBs=
in this paper we concentrate on the grains located in the inrg00 K, L, = 100L , shows Algol-like brightness minima, and
layers of the dust shells. These are the layers which mairdgems to be similar to WW Vul (Tjin A Djiet al. 1984). The
contribute to the scattering and absorption of the stellar radiaticincumstellar extinction curve for NX Pup is fairly similar to the
in the ultraviolet and visual and to the thermal radiation in theurves observed for other analogous HAeBe stars (see, e.g.,
near- and mid-infrared. Here we should only note that in the fagurves for three HAeBe stars in Voshchinnilenal. (1996)). In
infrared an important role is played by the dust emissivity lawutline, the curves appear to show a feature at abet2200A.

&, ~ A wheni — oo (e.g., Harveyet al. 1991). The value of It should be noted, however, that the extraction of the circun
€, is proportional to the absorption cross secti@psaveraged stellar extinction in the ultraviolet is a problem because of th
over the grain ensemble. The dependendg,gfon the particle contribution of interstellar extinction.

porosity was discussed many times (e.g., Ossenkopf 1991) af is evident from Fig. 2 that both the grain porosity and siz
well as were the effects of the porosity in the infrared silicateffects are rather weak. For Mathis (1996) model, the circun
bands at 10 and 20m (see, e.g., Hage and Greenberg (1990tellar extinction curve has also a week wavelength depender
Henning and Stognienko (1993)), and they are not considergten f ~0.45, but it becomes very steep atl> 5 um-1 for
here. f ~0.15 (Krivovaet al. 1998). For MRN model, the curve has

Finally, it should be mentioned that the masses of the dusio features: a strong bump at= 2200Aand a sharp rise at
shellsMen, with nearly the same integrated infrared fluxes det/A > 6.5 um~1, which essentially vary with the grain porosity
crease with the material filling factdrfor f < 0.5 and increase (see II'in and Krivova (2000) for more details). A cautionary note

>
<

2
<

/A um’’!
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one must keep in mind that the objects can have periods of i
creased/decreased maximum brightness and then the brightn
drop must be counted from the local level of the object bright
1 ness.
Forthe shells under consideration, the dependencenjiax

on the optical thickness is not as simple as shown above for tl
1  optically thin shells but still is quite important. As is seen from
Fig. 3 for the grains of the same size=€ 0.3 um) but different
porosity, the higher is the porosity, the larger atém)max and
3r 1 (Am). As the porosity of grain$® usually lowers the single-

0 05 o0 05 o 0.5’/’1 0 05 scattering albedo and the optical thickned¥is kept constant,
U-B B-vV V-R V-, mag. the increase oP reducesr®and hence the fraction of scat-

tered radiation in the visual along with the value &fnf)max.
FIG.3. The color—magnitude diagrams in td&VRIbands for shells with The same is true forA(m)t

grains of different size and porosity (the inclination angle 75°). Grain pa- . . T
rameters and notations as described in the legend to Fig. 1. The observationls:Or other grain models considered, the results are similar: ft

of WW Vul by Berdiuginet al. (1992) are shown by squares and the data dnore fluffy grains the turning points of the tracks occur at lowe
Zaitseva (1983) by crosses. brightness levels for the same infrared fluxes.
The strength of the bluing effect (i.e., the value ¥f- Y)max)
is related, in our model, to the wavelength dependence of albe
is appropriate, however, as all these results were obtained vWtferaged over the circumstellar grain ensemble (see Eq. (7))
the EMT. This theory is known to not work well when the sizgs illustrated in Fig. 3 by the curves for grains with the size
of inhomogeneities of scattering particles is larger than or evgn- 0.3 um and f = 0.03, and witha=0.7 um and f =0.01.
comparable to the wavelength of incident radiation (e.g., Wolffhe grains have the same albedo intheand (A = 0.24), but
etal. 1994, 1998; Chylek and Videen 1998; Videen and Chyleke larger grains have lower albedo in tieB bands than the
1998) and this case may be realizable in the (far) ultraviolet. smaller grains £y = 0.23 and 0.28, respectively).
] ] The tracks are also dependent on the inclination apgRe-
Color-Magnitude Diagrams cause of a spherically asymmetric dust distribution and prefe

Whereas the infrared spectra of the objects are mainly relaffle scattering by the grains in forward direction, the scattere
to the absorption/emission properties of the circumstellar du¥totons leave the shell in the equatorial plane more often th:
grains, their scattering properties may be studied by consideifathe directions of the poles. A changewfnay have the effect
tion of the bluing effect in the color-magnitude diagrams and §fmilar to variations of the grain albedo (see II'in and Krivova
the intrinsic linear polarization. We have calculated the stell§000) for more details). The dependence of the characteristi
tracks in the diagrams for WW Vul at théBVRIbands. Figure 3 Of the tracks on other shell parameters can be seen from t
presents the tracks for the case of the shell having the dengg§ults presented in the paper of Voshchinnikov and Karjuki
distribution as given by Eq. (2) and seen at the apgle75.  (1994).

The basic characteristics of the tracks are the maximum amin Fig. 3, we also give the observational data obtained b
plitude of the brightness decreasasif)may, the brightness level Berdiuginet al. (1992) for one minimum. They are supple-
at which the turning points of the tracks occurrfi);, and the mented in U — B) by the data of Zaitseva (1983) to show a
maximum bluing & — Y)max As mentioned by Krivova and deeper minimum. To fit simultaneously the observed spectr
Ilin (1997), these characteristics depend mainly on the optic@nergy distribution and the color-magnitude diagrams with oL
thickness of the sheti>®@ For instance, as follows from Eq. (6)shell model, one needs to have the circumstellar particles wi
with ¢ = 0o, the maximum brightness decrease in the visuglPedo being about 0.2-0.25 in théBV bands and growing

region should be (see also Whitnetyal. (1997)) with the wavelength. Note that interstellar grains appear to hay
albedo in these bands about 0.5-0.7 (e.g., Witt 1989).

Fsoa/F } The porosity of particles generally reduces their albedo, whic

AV, mag.

W solves the problem only partly as such grains have usually albe

quickly decreasing with the wavelength (see, e.g., Fig. 9in II'ir

~ —25 |ogf§°a/[1 — ffbs] ~ —25logrS®@ (12) and Krivova (2000)). Besides our porous model, in principle

there could be other explanations of the observed spectral ¢

where we assume that the optical thickness of the shell is sm&rgy distribution and color-magnitude diagrams. For exampl

Fs/Fr ~ t5%and expl-r,) ~ 1 — t2P5— 5@ albedo of the circumstellar grains may be as high as usual (abc

Thus, for the stars with a low ratio of the infrared luminos©.6), provided about 50% or more of the flux in the near- an

ity to the stellar luminosity, the value ofA(m)max allows one mid-infrared comes from very small grains and/or large PAF
to nearly directly estimate the optical thicknegs® However, molecules (see, e.g., Nat& al. (1993a), Natta and Kigel

(Am)max = _2.5 |Og|:
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1.5 . . ‘ Krivova 2000). Therefore, when the grain motion in the shell
is not controlled by the circumstellar magnetic fields (II'in anc
1 Krivov 1994), the disk-like geometry of the shells in the form
. of a sphere without two polar cones (see, e.g., Men’'shchikc

R T T . | and Henning (1997)) is most probable. For such geometry, tl
2 T polarization degred>>“® will be a bit larger than that for our
3 B ! spheriodal distribution, but the difference will not be as large &

05 | ' } : ] required to fit the observed points with very porous grains.

It should also be mentioned that to simulate the optical proj
erties of fluffy dust grains we applied the EMT and Mie theory
------------------------------------------------------ Another way is to use more justified but also much more time
0.0 —— ' ' ' consuming calculations in the Discrete Dipole Approximatior
' ' ' (DDA). A number of papers were devoted to consideration c
the optical properties of dust grains within this approach (e.¢

FIG. 4. The wavelength dependence of the linear polarization degree Brazell and Dwek 1990; Kozasat al. 1992, 1993; Lumme and
shel_ls with grains of differen_t size and po_rosit)_/ (the inclination a_mgie?So). Rahola 1994, Wolfet al. 1994; Xing and Hanner 1997)_ Gen-
Sr:g\'; g;rifn'zggr; fW%i:'g;sBaesr(i3;;;'2??1'352‘;Iegend toFig. 1. The SaUg(esiy the studies dealt with certain aspects of the problem, a

a comprehensive investigation of all the effects in the case
L i ... HAeBe stars would require much more effort.
1995). Another possibility is highly inhomogeneous distribu- \ya have performed some simulations of polarized radiatio

tion of the (_:ircumstellar dust, €g. in the form of optically thiClfransfer inthe dust shells when the optical properties of the grai
clumps (Friedemanet al. 1993, Mitskevich 1995a,b). However, e calculated with the DDA. A preliminary analysis shows

we believe that these effects still need more detailed considetrﬁa—t the conclusions obtained with the EMT generally hold i

tions. the sizes of constituent subparticles are sl Q1 .m), which
could be expected, for instance, after the papers by \WoH.
(1994, 1998). An increase of the subgrain sizes basically giv
The polarization degreB“*calculated for grains of different the same effect as a decrease of the porosity (such as lowering
porosity in the case of the Li and Greenberg (1997) model adbedo and growth of the polarization). The detailed results ¢
shown in Fig. 4 for the inclination angke =75 and the ra- these computations will be presented elsewhere (Kria\al.
tio A/B=5. Note that the maximum value &>“® achievable 2000 in preparation).
whenA/B — oo is already nearly reached, as a ruleA#B ~ 5 i L
(Voshchinnikov and Karjukin (1994), Krivova (1998)). The de!ntensity and Polarization Maps
pendence oP®on the inclination angle was discussed by II'in  The shell geometry can be clarified by high angular resolt
and Krivova (2000). tion observations (see, e.g., Butner 1996, Buteteal. 1997).
Figure 4 evidences a quick drop Bf*®with an increase of In addition, such intensity and polarization maps allow one t
the grain porosity. It is determined by the change of the angulzonstrain some other shell parameters (léiral. 1996). Then,
dependence of intensity and polarization of radiation scatteriét also interesting to consider whether they are sensitive to tl
by porous particles (see, e.g., Kozadaal. (1993) for more porosity of the dust grains.
details). We have calculated scans and intensity maps of the shells
Also given in Fig. 4 are the values d?7°® estimated by different wavelengths. Results for the MRN model were pre
Berdiugin et al. (1992) from observations of WW Vul. It is sented by II'in and Krivova (2000); those for other grain mod
clearly seen that the shell models with highly porous grairds look similar. As the dust temperature distribution depenc
(f <0.01) yield very low polarization in comparison with thescarcely onthe porosity, the scansinthe infraked (2, 50 um)
observed one, and this conclusion is correct for all three graire alike. They deviate only by a factor practically independet
models used. of the impact parameter owing to the difference between the o
In principle, a different geometry of the dust shells can lead tizal thicknesses" (we keptza®s constant but the wavelength
a higher degree of polarization for the same grains. The spatigbendence of2*Sis dissimilar for different porosities). In the
dust distribution around the stars is determined by geometry aridual and near-infrared.(0.7, 1.65.m), scattered light plays
strength of magnetic fields, radiation pressure on the grains, ardmportant role. With a growing fluffiness of grains, the asym
some other parameters. The effects of the grain pordsibyn  metry factor(cosé) also grows and more radiation is scatterec
the radiation pressure fordg, were discussed, e.g., by Mukaiin forward directions. Thus, the scattered radiation coming fror
etal.(1992). Though for fluffy grains of the same volufRg de-  the periphery layers of the shells falls off, and the scans show
creases withP, the ratio of this force to gravity does not dependteeper decline. We believe, however, that the effects of the gre
on P for P 2 0.5 and much exceeds 1 for HAeBe stars (II'in andorosity are not dominant in the scans. More important are tt

A, um

Wavelength Dependence of Polarization
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spatial distribution of dust particles and their size and chemiaabthing more than an additional tool to investigate the spati

composition. dust distribution in the shells.
It should be remarked that the intensity scans and maps have
been observed for a very limited number of the brightest HAeBe 4. CONCLUSIONS

stars and, with rare exception (e.g., Leinetrtal. 1991, 1994;

Marshet al. 1995; Nakajima and Golimowski 1995), in the far- we have performed Monte Carlo simulations of polarizec
infrared to millimeter regions (Nattet al. 1993b, Di Francesco radiation transfer in the dust shells of HAeBe stars, assun
et al. 1997, Mannings and Sargent 1997, among others). Tiig a spheroidal density distribution. The circumstellar grain
data available for one of the most studied ObjectS, AB Aur, ha\l\%re represented by three fa|r|y different grain models: (1) th
been briefly discussed and compared with theoretical modelsfgdel of Li and Greenberg (1997) of highly porous aggregate
Iin et al. (1996). (2) Mathis (1996) model of moderately porous inhomogeneot
Even worse is the situation with the spatially resolved Megrains, and (3) the well-known MRN (Mathés al.1977) model
surements of the polarization. Only few such maps have begfare silicate and graphite grains, where we introduced fluff
obtained for HAeBe stars (see, e.g., Piiretal. 1992, Bastien ness as an additional parameter. The main attention was paic
et al. 1994). Therefore we do not discuss them more closetye grain porosity effects on the observational manifestations .
In Fig. 5 as a pattern the constructed polarization maps of ¥ dust shells, such as the spectral energy distribution, the intri
shell with grains havingf =0.03 and 0.01 are given for two sjc polarization, and the peculiar behavior of color indices dul
wavelengths. ing brightness minima for the stars with Algol-like dimmings. In
The figure evidences that besides the geometry of the shglidition, intensity scans and polarization maps were also co

polarization maps are quite sensitive to the size parametersgd;cted for our models in view of possible future observation:
the dust graing = 2ra/A, especially in the region where~ 1, \We found that:

which can be explained by the change of the asymmetry factor
(cos6). The porosity, however, as is seen from the plots, affects1. The porosity of grains weakly affects the profile of the
the polarization maps much less than the grain size does.  spectral energy distribution when circumstellar shells do nc

Certainly the maps in the infrared and millimeter regions ca®ntain particles with quite different optical properties (like bare
provide further important information on the grains in the pesilicate and graphite grains in the MRN model). However, th
riphery layers of the shells but at the moment they seem to $@me infrared flux can be produced by different masses of poro

dust: the less mass of moderately porous dust grains is requit
A=1.65um (x=1.1) to produce the same flux as compact or, alternatively, very poro
‘ grains do.

2. As the near- and mid-infrared fluxes are mainly assoc
ated with the thermal emission of the hottest dust and the bu
of the scattered radiation comes from the most dense regiot
we expect that the infrared spectra and the color—-magnitude
agrams observed for HAeBe stars with Algol-like minima are
attributable to the same dust grains in the innermost layers of tl
shells. If this is the case, then in the frame of our shell model th
albedo of these grains should slightly increase with the wav
length in the visual and should be as low as about 0.2—0.3 for t
grain model of Li and Greenberg (1997) (the results for othe
grain models are similar). The porosity of grains reduces the
albedo down to the required level, although this still remains
problem with the fitting of the strength of the bluing effect seer
in the color-magnitude diagrams, which stems from the chang
of the wavelength dependence of albedo.

3. The linear polarization of radiation of the shells drops
distinctly when porosity of the grains increases. Though th
. flared or “fan”-shaped disk geometries could produce a notict
800 0 800 ably higher polarization, it will hardly solve the problem in the

case of highly porous (the filling factdr < 0.03) grains, as the

olarization they produce is extremely low (this conclusion i
with grains of the sizea=0.3um and the filling factorf =0.03 (top), and P yp y (

a=0.7um, f =0.01 (bottom) at different wavelengths (indicated in each pIotS:OrreCt for all th.ree graln models considered). |
for the inclination angley = 75°. Vectors in the right lower comers show 100% 4. The porosity of grains does not show pronounced effects

polarization. the intensity and polarization maps of the objects when compar
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FIG. 5. Polarization maps of the central part (80800 AU) of the shells
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with the effects of the grain size or composition. On the oth&fscher, 0. 1995. Polarization by interstellar dust—Modelling and interpretatic
hand, apart from the fact that the intensity and polarization map$f polarization mapsRev. Mod. Astror, 103-124.
provide an additional tool to investigate the spatial dust distfiriedemann, C., H. G. Reimann, Judér, and V. th 1993. The cloudy cir-

bution in the shells, they are an essential source of informatiorfumsteliar dust shell of WW-Vulpeculae revisitetbtron. Astrophys277,
. L 184-194.

about the grain properties in the outer parts of the shells, as , ,

lass, I., and M. Penston 1974. An infrared survey of RW Aurigae séos.

the innermost dust will always dominate when unresolved rg-Not_ R. Astron. Sod 67, 237—249.

diation is considered (except for the far-infrared and miIIimet%reenberg, 3. M. and J. I. Hage 1990. From interstellar dust to come

Observat'ons)- A unification of observational constraintséAstrophys. J 361, 260—
274.
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