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Abstract—The transfer of polarized radiation in inhomogeneous circumstellar shells with a spheroidal spatial
distribution of porous dust particles is computed. The grains are modeled by an MRN mixture of silicate and
graphite particles. The optical properties of porous particles (considered separately in the Appendix) are com-
puted by using effective medium theory and Mie theory. The following observational characteristics have been
computed for WW Vul, a typical Herbig Ae star with Algol-like minima: the spectral energy distribution from
the ultraviolet to the far infrared, the color–magnitude diagrams, the wavelength dependence of linear polar-
ization, and the shell brightness distribution. The effect of grain porosity on the results is considered. It has
been found that only moderate particle porosity (the volume fraction of matter is f ~ 0.5) can explain avail-
able observational data in terms of the approach used. Since radiation pressure must rapidly sweep submi-
cron-sized grains out of the vicinity of Herbig Ae/Be stars, we briefly discuss how particle porosity can affect
this process. © 2000 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

Herbig Ae/Be (HAeBe) stars are young stars of
moderate mass (2–8 M(), which appear to be the pre-
cursors of Vega- and β Pic-type main-sequence stars
surrounded by gas–dust protoplanetary disks. Consid-
erable infrared (IR) excesses commonly observed in
HAeBe stars are generally explained by thermal dust
radiation. However, it is unlikely that dust particles can
form in the shells of these stars, while strong radiation
pressure makes it difficult for dust grains to exist near
the stars for long. Circumstellar dust is assumed to be
the remnant of a protostellar cloud and is continuously
supplied to the inner shell layers by comet-like bodies [1].
The presence of dust around Vega- and β Pic-type stars
can be explained in a similar way [2, 3].

When modeling the shells around HAeBe stars,
only compact dust particles have always been consid-
ered (see, e.g., [4–8]). Meanwhile, many of the existing
models for interstellar dust suggest a certain grain
porosity (see [9] and references therein). Note that the
hypothesis of particle porosity in the disk around β Pic
allows available observational data to be interpreted in
a more consistent way [10, 11]. The presumably low
albedo of circumstellar particles [12] can also be evi-
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dence that the dust grains in the vicinity of HAeBe stars
are not compact.

Here, we consider the influence of particle porosity
on the observational manifestations of circumstellar
dust: the IR spectrum, the circumstellar extinction
curves, the color variations during brightness minima
(for UX Ori-type HAeBe stars), the wavelength depen-
dence of polarization, and the shell brightness distribu-
tion. Our shell model and the representation of porous
dust grains in it are described in Section 2; the results
of our calculations are presented and discussed in Sec-
tion 3. The Appendix contains figures that show how
porosity affects the optical properties of silicate and
graphite particles of difference sizes.

2. MODEL

2.1. Porous Dust Grains 

To describe the optical properties of circumstellar
dust grains, we used the MRN model by Mathis et al.
[13], to which we added one more parameter, particle
porosity p (the fraction of the particle volume occupied
by vacuum). Thus, two types of dust grain were
assumed to be simultaneously present in the shell:
graphite and silicate ones. Both are spherical and have
the same power-law size distribution

(1)n a( ) a
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where q is a constant. The model parameters also
include the largest and smallest particle sizes, amin and
amax, as well as the ratio (by number) of silicate parti-
cles to graphite ones, nSi/nC. Here, we do not discuss
advantages and disadvantages of the MRN model. Note
only that this is one of the existing models for interstel-
lar dust, with each having its own difficulties in
explaining the entire set of available direct and indirect
data on interstellar grains (see, e.g., [14, 15]). Never-
theless, it is the MRN model that has been used virtu-
ally always in calculations similar to ours.

We determined the optical properties of porous
grains by using effective medium theory (EMT) and
Mie theory. In other words, a porous particle was
replaced by a compact homogeneous sphere with some
mean refractive index 〈m〉 . The latter was calculated by
using Bruggeman’s rule [16]

(2)

where m1 is the refractive index of silicate or graphite
(in both cases, the refractive indices were taken from
[17]), and m0 = 1 is the refractive index of vacuum.
Note that EMT has a wide range of applicability (see,
e.g., [16, 18, 19]).

Some optical parameters of silicate and graphite
particles that we calculated by using EMT and Mie the-
ory are shown in the figures in the Appendix. The opti-
cal properties of the MRN grain aggregates considered
here can also be inferred from them.

2.2. Dust Distribution in the Shell

The dust in the shell was assumed to have a spheroi-
dal spatial distribution,

(3)

where Rx, Ry, Rz are the coordinates of radius vector R,
A/B is the flattening (axial ratio) of spheroidal equiden-
sites, and n0 and α are constants. The angle between the
line of sight and the equidensite symmetry axis is i.

There is a dust-free spherical zone of radius Rin at
the shell center. We determined Rin by taking into
account the fact that the temperature of the grains at this
distance from the star cannot exceed their sublimation
temperature (about 1500 K). The outer radius Rout of the
dust shell was chosen to be constant (4.7 × 103 AU). Its
value affects weakly the radiation fluxes in the spectral
range under consideration (λ < 100–300 µm).

We emphasize that, although the shell in our model
is spherical, its dust distribution is not spherically sym-
metric. For this reason, the total radiation emerging
from the shell is polarized, and the degree of its polar-
ization depends on A/B and on other model parameters.
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2.3. Method of Calculation 

We computed the transfer of polarized radiation in
the shell by the Monte Carlo method using the program
developed by Fischer [20].

The grain temperatures at various distances from the
star required for such calculations were determined for
a simplified shell model with a spherically symmetric
dust distribution,

(4)

and with the same sizes and mass as those of the shell
with the spherodical distribution given by (3). This
approximation is accurate enough (see, e.g., [21]).
Below, the shell models with the dust distributions
given by (3) and (4) are called, respectively, spheroidal
(or two-dimensional) and spherically symmetric (or
one-dimensional).

We simulated the transfer of unpolarized radiation
in the spherically symmetric shell by using Kruegel’s
program described in [22]. The changes required to
realize the chosen model were made to both programs
(see [21] for more detail).

2.4. Brightness Minima

Several HAeBe stars (UX Ori, WW Vul, etc.)
exhibit Algol-like minima, which are accompanied by
characteristic color and polarization variations [23, 24].
In the currently most popular hypothesis, the minima of
UX Ori-type stars are associated with eclipses of the
stars by circumstellar clumps of gas and dust ([24, 25];
see, however, [26]). As a result, at minimum light, the
fraction of the radiation scattered in the shell increases,
and, hence, the star + shell system becomes bluer, while
the degree of linear polarization increases, in general
agreement with observations (see [24] and references
therein).

Clearly, the observed color and polarization varia-
tions in this hypothesis must be determined mainly by
the properties, amount, and distribution of circumstel-
lar dust in the inner shell layers. Recall that the same
layers give a major contribution to the IR spectrum
(except the far infrared) and to circumstellar extinction
and scattering. We therefore modeled both the spectral
energy distribution and the color and polarization vari-
ations in terms of the hypothesis described above. Sim-
ple relations, for example, those from [27, 28], were
used to calculate the latter.

3. RESULTS OF THE CALCULATIONS 
AND THEIR DISCUSSION

Here, we did not set the objective of comprehen-
sively interpreting the observational data for a specific
HAeBe star listed in the Introduction. Instead, we
chose a typical shell model and varied the grain poros-
ity in it. Subsequently, a comparison of the results for
shells with the same sizes (and optical depths for visi-

n R( ) n0' R
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=
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ble absorption ) revealed the main effects of grain
noncompactness.

We chose the model of the shell around WW Vul
proposed by Friedemann et al. [29] as the basic model.
This model is well developed and satisfactorily
accounts for the observed IR spectrum. Other models
of this dust shell have similar parameters [7, 28].

3.1. Spectral Energy Distribution 

Figure 1 shows our computed spectral energy distri-
butions for the spherically symmetric (one-dimen-
sional) model of the shell around WW Vul (T∗  = 9500 K,

L∗  = 80 L()) at various circumstellar particle porosities

(p = 0, 0.3, and 0.6). The model parameters Rin = 2.7 AU,
Rout = 4.7 × 103 AU, α = 1.45, nSi/nC = 1.12, q = 3.5,
amin = 0.005 µm, and amax = 0.32 µm were fixed; only

n0 was varied with p to keep the optical depth  con-
stant, which allowed us not to violate satisfactory
agreement between the observed and theoretical IR
spectra. Note that varying A/B alone affects weakly the
shape of the IR spectrum for shells of the same mass
[21]. In general, the variations in the above parameters
of the spherically symmetric shell are also insignificant

if  is constant [12, 30].

It is easy to see that, as the grain porosity p increases
from 0 to 0.6, the peak in the IR spectrum, while main-
taining its magnitude, shifts longward (from 2.5 to
4.5 µm), and a dip is formed in the energy distribution
at λ ≈ 1.5–2 µm. In addition, the emission bands at λ 10
and 20 µm become less distinct, and the spectral slope
in the far infrared (λ > 60 µm) slightly decreases. These
spectrum transformations are mainly attributable to
changes in the grain temperature and in the relative
contribution of graphite and silicate particles to the
object’s IR radiation as the grain porosity increases.

Note that, as p increases further from 0.7 to 0.97, the
peak in the IR spectrum is enhanced and shifts short-
ward (from 4.5 to 2.5 µm). In this case, the dip in the
spectrum at λ ≈ 1.5–2 µm is preserved, while the inten-
sity of the emission bands at λ 10 and 20 µm slightly
increases. The change in the behavior of the curves at
p ≈ 0.6–0.7 results from an abrupt change in the optical
properties of porous graphite particles in the infrared
(cf. Figs. 6 and 7 in the Appendix).

Recall that porous grains are more or less compact
particles with insignificant vacuum inclusions for
p  0 and most likely an assembly of small subparti-
cles for p  1 (see, e.g., [31]). The optical properties
of silicate and graphite particles vary with p differently,
at least in the EMT approximation (see Figs. 6–9 in the
Appendix), and, as a result, the pattern of variations in
the grain temperature and, consequently, in the emis-
sion spectra with porosity proves to be fairly complex
for the MRN mixture of particles.

τV
abs

τV
abs

τV
abs
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The far-IR shell spectrum is mainly determined by
Qabs /a, where Qabs is the absorption efficiency, and a is
the grain size. Variations of Qabs/a with particle poros-
ity p have been repeatedly considered previously (see,
e.g., [32]), while the influence of grain porosity on the
profile of the λ 10 µm silicate band was discussed by
Hage and Greenberg [31] and Henning and Stognienko
[33] (see also Fig. 8 in the Appendix).

Note also that, if we fix all shell parameters except
p and n0, then the mass of the circumstellar dust, which
gives approximately the same IR flux, first decreases
with increasing p and then increases (a minimum at p ≈
0.6–0.7). For example, for a shell with the parameters
from Subsection 3.1, the IR flux is approximately the
same at Msh = 6.6 × 10–6 M( (for p = 0), 3.9 × 10–6 M(

(p = 0.65), 8.3 × 10–6 M( (p = 0.97), etc. Such an effect
was noted by Mathis [34] when searching for a mini-
mum of the dust mass required to explain the observed
interstellar extinction in the Galaxy.

The behavior of the ultraviolet (UV) spectrum can
be better traced in Fig. 2, which shows the so-called cir-
cumstellar extinction curve—the wavelength depen-
dence of extinction in the shell. Note that the extinction
in this case is defined as the difference between the flux
from the object (star + shell) and the flux from the star
without a shell and differs from the extinction by dust
on the line of sight [6].

Since the circumstellar extinction curve is not
known for WW Vul, Fig. 2 shows the results obtained
from the observations of the star NX Pup by Tjin A Djie
et al. [35]. NX Pup (T∗  = 9500 K, L∗  = 100 L() closely
resembles WW Vul, and its circumstellar extinction
curve is more or less typical of HAeBe stars (see, e.g.,
the curve for AB Aur in [4]).

As we see from Fig. 2, the peak at λ2200 Å weakens
and shifts longward as p increases from 0 to 0.6. As p
increases further (from 0.7 to 0.97), a significant
change occurs, as in the case of the IR spectrum: the
peak is enhanced and shifts shortward, with the rise in
the far ultraviolet (1/λ > 6.2 µm–1) becoming very steep
(see Fig. 8 in the Appendix). Note, however, that these
results must be treated with caution. It is unclear
whether EMT is applicable to those cases where the
size of particle inhomogeneities is comparable to or
larger than the wavelength of the radiation, which is
quite possible in the far ultraviolet.

3.2. Color–Magnitude Diagrams 

Figure 3 shows our computed diagrams for the pho-
tometric U, B, V, R, and I bands. For comparison, we
present the results of observations for WW Vul at one
of the minima [36].

We found the theoretical curves to monotonically
displace downward and to the right as p increases; this
tendency is also preserved for p > 0.6. This is because
an increase in grain porosity, with the grain size being
preserved, usually causes the albedo to decrease (see,
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e.g., [31] and Fig. 9 in the Appendix). At the same time,
the ensemble-averaged grain albedo 〈Λ〉  determines the
fraction of the scattered radiation in the object’s total
radiation (for optically thin shells). For the same ther-
mal radiation, porous grains therefore scatter starlight
worse than do compact particles; accordingly, the star
tracks in the color–magnitude diagram are less
deformed, i.e., deviate less from the initial straight lines
that they must be in the absence of scattered radiation.

For compact grains (p = 0), the theoretical curves
run well away from the observational points, which we
pointed out in [12]. We also showed that the problem
could be solved if 〈Λ〉  ≈ 0.3–0.4 in the visible range.
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Fig. 1. Spectral energy distributions for a spherically sym-
metric model of the shell around WW Vul at various grain
porosities: p = 0 (solid line), p = 0.3 (dashed line), and p = 0.6
(dotted line). The squares represent observational data from
[54–58].
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Fig. 2. Circumstellar extinction curves for a spherically
symmetric model of the shell around WW Vul at various
grain porosities. The notation is the same as in Fig. 1. The
squares represent data for NX Pup from [35].
Recall that interstellar grains and, consequently, the
standard MRN mixtures used for their representation
have 〈Λ〉  ≈ 0.5–0.7 (see, e.g., [37]).

Circumstellar-particle porosity can explain the low
albedo in a natural way. However, there are also other
possibilities to achieve agreement between the theoret-
ical and observed spectra and diagrams simultaneously,
for example, by attributing ~50% of the observed near-
IR flux that we did not took into account to the radiation
of gas and/or very small grains (see, e.g., [38, 39]) or by
assuming that the dust in the shell concentrates mainly
in optically thick clumps [40, 41]. In addition, for shells
without spherical symmetry, the ratio of the total scat-
tered flux to the thermal flux from circumstellar dust
can depend strongly not only on the mean particle
albedo, as was shown above, but also on the shell ori-
entation relative to the observer (inclination i). Recall
that the fraction of the scattered light emerging from an
optically thin oblate shell in the direction of the equato-
rial plane is usually larger than that from the poles,
because the scattering is anisotropic and because the
dust distribution is nonspherical (see, e.g., [42]). When
a spheroidal shell is observed at different inclinations i
to the symmetry axis, the scattered flux therefore
increases with i, while the thermal flux, which is essen-
tially isotropic, is preserved.

When the grains scatter radiation only forward, i.e.,
when the asymmetry factor of the phase function is
〈cosΘ〉 = 1, the following simple relation clearly holds
for the i dependence of the total scattered flux emerging
from a shell with the dust distribution (3) toward the
observer:

(5)

It shows that, for very oblate shells (A/B @ 1) observed
nearly edge-on (i ~ 90°), the dependence of Fsh on i

must be appreciable, Fsh(i) ~  – i , because α is

expected to be ~1.5–2. The flux ratio is Fsh(0)/Fsh(90) =
(A/B)–α and differs markedly from 1.

The asymmetry factor of the phase function 〈cosΘ〉
for particles of the MRN mixture in the visible range is
close to 1, and formula (5) can be of use. Our calcula-
tions confirm that, in general, the dependence of Fsh on
i follows relation (5), although 〈cosΘ〉 < 1 and the optical
depth τ ~ 1.

It should be noted that the effect of orientation of a
nonspherical shell relative to the observer clearly can-
not be invoked to account for the difficulty in simulta-
neously interpreting the IR spectra and the color–mag-
nitude diagrams (the “excess” scattered flux in models).
It can hardly be assumed that only shells seen at an
angle to their equatorial plane (for example, |90° – i| >
20°) and, hence, with a deficit of scattered radiation are
observed. For a random distribution of the shell sym-
metry planes in space, the number of shells seen nearly
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Fig. 3. Color–magnitude diagrams for the UBVRI bands for a spheroidal model of the shell around WW Vul. The heavy and normal
lines are for inclinations i = 90° and 70°, respectively; the remaining notation is the same as in Fig. 1. The squares represent obser-
vational data for WW Vul at minimum light from [36].
edge-on (|90° – i| < 10°) and, consequently, without this
deficit must always be significant.

Note, on the other hand, that the scattered-to-stellar
flux ratio Fsh/F∗  determines the position of the turning
point of the star track in the color–magnitude diagram
(see [12]). At large A/B, Fsh/F∗  depends strongly on i
[see, e.g., formula (5)], and the tracks must turn at
markedly different levels of brightness decline (∆V) for
different stars. If the tracks for a large group of UX Ori-
type objects had been available, then we could have
inferred the flattening of their scattering dust shells
(spherical or disk-like ones).

3.3. Linear Polarization 

Although the linear-polarization variations in the
object (star + shell) observed during minima are con-
siderable, they are satisfactorily described by the fol-
lowing approximate relation [36]:

(6)

where ∆m is the change in magnitude; and Pobs, Pis, and
Psca denote, respectively, the object’s observed polar-
ization, the interstellar polarization (including the
polarization produced by dust extinction on the line of
sight in the shell), and the polarization produced by the
scattered radiation of the shell. The latter can be repre-
sented as

(7)

where Ish, Qsh, and Ush are the Stokes parameters for the
scattered radiation emerging from the shell; Psh =

/Ish, Ish/Itot(∆m = 0) is the fraction of the
scattered radiation in the object’s total radiation at max-
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imum light; and Itot(∆m = 0) = I∗ exp(–τext) + Ish, where

I∗  is the stellar radiation, and τext is the optical depth of

the shell for absorption (along the line of sight).
The wavelength dependence of linear polarization

Psca(λ) can give additional important information about
the properties of circumstellar dust. The curves in Fig. 4
indicate this dependence computed for models with
A/B = 5 at various grain porosities (p = 0, 0.3, and 0.6).
Note that Psca monotonically decreases as the porosity
increases further (p > 0.6). The points in Fig. 4 repre-
sent the values taken from [36], where they were deter-
mined from the observed values by using relation (6).

It should be noted that, although the computed Psca
are in satisfactory agreement with the observed ones
(see Fig. 4), the polarization of the scattered radiation
from the shell Psh at p ≈ 0–0.3 turns out to be consider-
ably smaller than its estimates that can be obtained
from observations. The reason is that the theoretical
ratio Ish/Itot(∆m = 0) in formula (7) is clearly overesti-
mated for models with such porosities p, as the corre-
sponding tracks in the color–magnitude diagram show
(see Fig. 3).

The case of a shell with A/B = 5 we chose corre-
sponds to a nearly maximum Psh [21, 42]. Since Psh rap-
idly decreases with p (for p > 0.7), we conclude that
models with a large particle porosity can hardly explain
the observed polarization in UX Ori-type stars.

Shells with a disk-like dust distribution (for exam-
ple, a dust disk in the shape of a sphere without polar
cones, which one might expect when a magnetic field
does not govern the motion of grains, and they are
swept out of the inner shell layers almost radially by
stellar radiation) can have a slightly higher degree of
polarization Psh. Nevertheless, our estimates show that
no disk-like dust distribution (for the representation of
porous grains we used) can give a considerably larger



384 IL’IN, KRIVOVA
Psh than that for the very oblate spheroidal shells we
considered and can thus explain the results of our
observations.

3.4. Shell Brightness Distribution 

To the best of our knowledge, as yet no sufficiently
detailed maps of the brightness distribution have been
obtained for the shells of HAeBe stars with minima;
however, they should be considered as observational
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Fig. 4. Wavelength dependence of linear polarization for a
spheroidal model of the shell around WW Vul. The notation
is the same as in Fig. 3. The squares represent data for
WW Vul from [36].

Fig. 5. Brightness distributions at various wavelengths for a
spheroidal model of the shell around WW Vul. The heavy

and normal lines are for p = 0 and 0.6, respectively.  is

the flux from a blackbody of temperature T∗  = 9500 K.

Fν
bb
tests, which will be possible in the near future. Figure 5
shows the brightness distributions at several wave-
lengths (λ = 0.7, 1.65, 12, and 50 µm) computed for two
models with particle porosities p = 0 and 0.6. The fluxes
from the peripheral regions of the shells with porous
grains are seen to be a factor of 3–5 lower than those for
the shells with compact grains. This is because the
phase function for porous particles is generally more
elongated forward than that for compact particles (see,
e.g., [43] and Fig. 9 in the Appendix).

Polarization maps with a sufficiently high spatial
resolution are unlikely to be obtained for UX Ori-type
stars in the immediate future. We therefore do not pro-
vide and do not discuss here our computed distributions
of the polarization parameters over the shell image.
Note that they are mainly determined by other parame-
ters than the porosity of circumstellar dust particles
(see [44] for more detail).

3.5. Radiation Pressure on Dust 

It should be noted that the mere assumption that
comet-like bodies supply grains to the inner shell layers
does not yet completely solve the problem of submi-
cron-sized grains being present in them—the radiation
pressure of HAeBe stars is strong enough to set such a
high rate of dust outflow from the shell that it cannot be
offset even by the complete breakup of all comet-like
bodies near the star [45]. A magnetic field of a certain
geometry can slow down the sweeping out of charged
grains but cannot change radically the situation [46]. It
is therefore of interest to consider how grain porosity
can affect the efficiency of their sweeping out of the
vicinities of HAeBe stars.

The effect of particle porosity on the radiation-pres-
sure force was discussed in detail by Mukai et al. [47]
for a rather peculiar model of circumsolar dust grains
(fractal aggregates of subparticles). We consider this
effect in terms of the representation of porous grains
used.

The radiation-pressure force is known to be

(8)

where  is the flux-averaged radiation-pressure cross
section, R∗  and T∗  are the stellar radius and tempera-

ture, R is the distance from the star to the particle, c is
the speed of light, and σ is the Stefan–Boltzmann con-
stant. For silicate and even for graphite at p > 0.5, the
effective complex refractive index is (〈m〉 – 1) ~ f, where
f = 1 – p is the filling factor of a porous grain. For x =
2πa/λ < 0.1–1, which includes a substantial part of the
integration range when averaging the cross section in (8),
Cpr ≈ 16π2a3Im(〈m〉 – 1)/(3λ) ~ a3f, where λ is the wave-
length of the incident radiation. Thus, the radiation-
pressure force is approximately the same for particles
of the same mass but of different porosity and rapidly

Fpr
1
c
---

R*
2

R
2

-------σT*
4

Cpr,=

Cpr
ASTRONOMY LETTERS      Vol. 26      No. 6      2000



A
ST

R
O

N
O

M
Y

 L
E

T
T

E
R

S      V
ol. 26      N

o. 6      2000

PO
R

O
U

S D
U

ST
 G

R
A

IN
S IN

 T
H

E
 SH

E
L

L
S O

F H
E

R
B

IG
 A

e/B
e ST

A
R

S
385

1
λ, µm

0.1 10 1000

lm
 (

m
)

100

R
e 

(m
)

Fig. 6. Complex refractive index m for mixtures of astro-

1
λ, µm

0.1 10 1000100 1 10 1000100

Graphite m ⊥

Fig. 7. Same as Fig. 6 for graphite in the case of m = m|| and m = m⊥ .
nomical silicate with vacuum. The porosities are p = 0 (solid
lines), 0.3, 0.6, 0.9, 0.97 (dashed lines), and 0.99 (dotted
lines).
10–4

1

10–3

10–2

10–1

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Silicate

10–5

lm
 (

m
)

10–4

10–2

102

R
e 

(m
)

1

10

Graphite m ||

1

10–3

10

10–1



386 IL’IN, KRIVOVA
1
λ, µm

10–6

0.1 10 1000

Q
ex

t

100

10–5

10–2

1 10 1000100

1

Graphite

10–3

10–1

0.1 µm

Silicate
0.01 µm

Silicate
0.1 µm

Graphite
0.01 µm

10–8

10–4

10–7

10–6

10–5

10–2

10–3

10–1

10–4

10–7

1

Fig. 8. Extinction efficiencies Qex for silicate and graphite porous particles of size 0.01 and 0.1 µm.
decreases with increasing p (or decreasing f ) for parti-
cles of the same size.

An important dynamic indicator is the ratio of radi-
ation-pressure force Fpr to gravitational force Fg,

(9)

where ρ is the density of the grain material, M∗  is the

stellar mass, and γ is the gravitational constant. If  ~
a3f (see above), then β does not depend on the grain size
and porosity.

We computed Planck mean radiation-pressure cross
sections and β for an A0 star (R∗  = 2.5 R(; T∗  = 104 K,
M∗  = 3.2 M(). At large particle porosity and for
a < 0.1–0.3 µm, β was found to be almost independent
of the grain size and roughly correspond to its values
for very small, compact grains (a < 0.001 µm). For
a > 0.3–1 µm, β rapidly decreases with increasing a.
Recall that, by contrast, there is a noticeable peak of the

β
Fpr

Fg

-------
3σ

4πcγ
------------R*

2
T*

4

M*
--------------

Cpr

ρa
3

f
------------,= =

Cpr
dependence β(a) at a ~ 0.01–0.2 µm for compact parti-
cles (see, e.g., [48]).

Note also that, for p ~ 0.9 and a < 0.3 µm, we
obtained β ≈ 6–7 and β ~ 70 for silicate and graphite
porous particles, respectively. Although allowance for
the star’s actual spectral energy distribution must
slightly reduce β (see, e.g., [49]), we conclude that even
the large porosity of submicron-sized grains composed
of astronomical silicate or of more absorptive materials
(graphite, amorphous carbon, iron oxide, etc.) cannot
prevent their sweeping out of the vicinities of HAeBe
stars. Only porous particles of any size composed of
less contaminated silicates than astrosil (see, e.g., [50])
can have β < 1. However, the albedo of such grains is
large, and they cannot simultaneously explain the
observed IR fluxes and color–magnitude diagrams (at
least in terms of the approach used here).

4. CONCLUDING REMARKS

We considered the transfer of polarized radiation in
shells with a spheroidal dust distribution at various
ASTRONOMY LETTERS      Vol. 26      No. 6      2000
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grain porosities. We revealed the effects of noncom-
pactness of circumstellar particles on the observational
manifestations of dust shells around HAeBe stars: the
spectral energy distribution from the ultraviolet to the
infrared, the color–magnitude diagram in the visible
range, the wavelength dependence of linear polariza-
tion, and the shell brightness distribution in the plane of
the sky.

We showed that, in the model we chose, agreement
with observational data could be achieved only for
grains with a moderate porosity (p ~ 0.5). Such a poros-
ity is postulated in some currently available models of
interstellar dust (see, e.g., [15]). A considerably larger
particle porosity p ~ 0.9 is commonly assumed for the
grains around β Pic-type stars and of cometary dust [11].

Note that the MRN mixture of particles that we used
in our modeling is not quite natural when porous grains
are considered. Clearly, the latter must most likely
result from subparticle coagulation in the interstellar
medium, and, thus, the separate existence of porous sil-
icate and porous graphite particles seems unjustified
[15]. We chose the MRN mixture for our analysis,
RONOMY LETTERS      Vol. 26      No. 6      2000
because most similar calculations are performed pre-
cisely with this mixture, but the revealed effects must
generally show up also for a different representation of
an assembly of circumstellar grains. We consider the
porosity effects for several models of the particles in
the shells of HAeBe stars in the next paper [44].

Here, we determined the optical properties of
porous dust grains by using the EMT approximation.
The latter suggests that the filling factor f does not vary
inside the grain. Meanwhile, a more complex case
where f generally decreases outward toward the grain
edge is realized in many situations, for example, for
fractal particles, including such popular ballistic aggre-
gates as BPCA and BPPA. The optical properties of
such aggregates have been repeatedly considered previ-
ously (see, e.g., [51, 52]). They differ from homoge-
neous grains in that the asymmetry factor of the phase
function 〈cosΘ〉 for them is larger than that for the par-
ticles we considered [43]. As a result, the radiation
pressure on such aggregates must be slightly lower, and
the dependence of the scattered flux on i must be stron-
ger. In order to assess the importance of these effects,
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we plan to also compute radiative transfer in the case
where circumstellar grains are ballistic aggregates.
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APPENDIX

The effect of particle porosity on the observational
manifestations of polydisperse assemblies of silicate
and graphite circumstellar grains is by no means always
clear. For a better understanding of this effect, we pro-
vide several figures, which show how porosity changes
the optical properties of silicate and graphite particles
of different sizes. All calculations were performed by
using the EMT approximation and Mie theory.

The input data—the effective refractive indices 〈m〉
calculated by using the rule (2) for various porosities
(p = 0–0.99) of astronomical silicate and graphite—are
shown in Figs. 6 and 7, respectively. Note the signifi-
cant change in the wavelength dependence of the
imaginary part of refractive index 〈m〉  for graphite at
p ~ 0.6–0.7.

The extinction efficiencies Qext for silicate and
graphite particles of size 0.01 and 0.1 µm are shown in
Fig. 8. In the infrared (λ > 3–10 µm), Qabs have approx-
imately the same wavelength dependence as Qext. For

graphite particles, we applied the so-called  + 

approximation, which uses the relation Qext =

Qext(m||) + Qext(m⊥ ), where m⊥  and m|| are the refrac-

tive indices of graphite for two orientations of the elec-
tric vector of the incident radiation relative to the axis
of the hexagonal structure of crystalline graphite (see
[53]). This approximation makes it possible to properly
allow for the optical anisotropy of graphite for ran-
domly oriented spherical particles. Notice the different
behavior of the curves for silicate and graphite over the
entire wavelength range at a moderate particle porosity
(p ≤ 0.6).

The albedo and the asymmetry factor of the scatter-
ing indicatrix for silicate and graphite porous particles
of size 0.1 µm are shown in Fig. 9. The behavior of the
curves does not change dramatically with particle size.
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