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Abstract. The 10µm silicate emission feature and the contin-
uum emission from near infrared to millimeter of the dust in
the disk of β Pictoris may be derived by assuming that the dust
is continually replenished by comets orbiting close to the star.
The basic, initial dust shed by the comets is taken to be the
fluffy aggregates of interstellar silicate core-organic refractory
mantle dust grains (with an additional ice mantle in the outer
region of the disk). The heating of the dust is primarily provided
by the organic refractory mantle absorption of the stellar radia-
tion. The temperature of some of the particles close to the star
is sufficient to crystallize the initially amorphous silicates. The
dust grains are then distributed throughout the disk by radia-
tion pressure. The steady state dust distribution of the disk then
consists of a mixture of crystalline silicate aggregates and ag-
gregates of amorphous silicate core-organic refractory mantle
particles (without/with ice mantles) with variable ratios of or-
ganic refractory to silicate mass. The whole disk which extends
inward to ∼ 1 AU and outward to ∼ 2200 AU is divided into
three components which are primarily responsible respectively,
for the silicate emission, the mid-infrared emission and the far
infrared/millimeter emission. As a starting point, the grain size
distribution is assumed to be like that observed for comet Halley
dust while in the inner regions the distribution of small particles
is relatively enhanced which may be attributed to the evaporation
and/or fragmentation of large fluffy particles. The dust grains
which best reproduce the observations are highly porous, with
a porosity around 0.95 or as high as 0.975. The temperature
distribution of a radial distribution of such particles provides an
excellent match to the silicate 10µm (plus 11.2µm) spectral
emission as well as the excess continuum flux from the disk
over a wide range of wavelengths. These models result in a total
mass of dust in the whole disk∼ 2× 1027 g of which only 10−5

– 10−4 is hot enough to give the silicate excess emission. The
specific mineralogy of crystalline silicates has been discussed.
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1. Introduction

Since the Infrared Astronomical Satellite (IRAS) detected the
so-called “Vega Phenomenon”; i.e., that main sequence stars
exhibit large infrared (IR) excesses over the black body emis-
sion of their photospheres (Aumann et al. 1984), it has become
well established that the “Vega Phenomenon” is not exceptional
but rather quite common among the main sequence stars (see
Backman & Paresce 1993). Because some detailed questions
remain as to how common it is and whether it depends on the
fundamental properties of the stars themselves (mass, age, rota-
tion etc.) it constitutes one of the tasks of the ISO photometric
infrared survey (cf. Habing et al. 1996). It is generally believed
that these IR excesses may be attributed to the thermal emission
of circumstellar dust orbiting the central stars which is heated
to about 100 K. Among Vega-type stars, β Pictoris (an A5 star,
HD 39060, HR 2020) is the most extensively studied one, not
only because it has the largest IR excess, but also because its
resolved nearly edge-on protoplanetary disk structure (Smith &
Terrile 1984; Lagage & Pantin 1994) shows evidence of planet
formation and provides clues for us to understand the formation
process of our solar system. The observations of the β Pictoris
disk cover a wide range of wavelengths from ultraviolet to mil-
limeter: high resolution UV and visual spectral line monitoring
by a French group (e.g., Vidal-Madjar et al. 1994 and references
therein); optical images of the scattered light (e.g., Paresce &
Burrows 1987; Golimowski et al. 1993; Lecavelier des Etangs et
al. 1993; etc); infrared and submillimeter photometric measure-
ments (e.g., Telesco et al. 1988; Chini et al. 1991; Zuckerman
& Becklin 1993; Harvey et al. 1996; Dominik et al. 1997); and
imaging in the infrared (Lagage & Pantin 1994). Special atten-
tion has been paid to spectroscopic observations in the near in-
frared (NIR) region. The first successful discovery of the silicate
feature by Telesco & Knacke (1991) and the subsequent con-
firmations by Aitken et al. (1993) and by Knacke et al. (1993),
in particular, the identification of the 11.2 µm feature char-
acteristic of crystalline silicate (Knacke et al. 1993), provided
valuable information to help understand better the dust in the
disk. In addition to these observational studies, many theoretical
investigations have also been performed (e.g., Artymowicz et
al. 1989; Backman et al. 1992; Roques et al. 1994; Greenberg
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& Li 1996; etc) to infer the properties of the dusty disk: grain
sizes, chemical compositions, disk structure and evolution.

In spite of so many observational and theoretical efforts
having been devoted to understand β Pictoris, the basic proper-
ties of the dust grains in the disk have remained uncertain. The
conclusions drawn from some of these earlier works have been
either incomplete, inconclusive, or even controversial. With the
exception of Greenberg & Li (1996) and Pantin et al. (1997),
all models used compact particles. For example, the thermal
modeling by Backman et al. (1992) required all particles to be
as small as 1 µm, whereas, much larger particles are required
to explain the optical light scattering data (Paresce & Burrows
1987). Modeling both the scattered starlight and the far infrared
(FIR) emission (Artymowicz et al. 1989) indicated that the par-
ticles were approximately between 1 µm and 20 µm. However,
in order to fit the millimeter observation, Chini et al. (1991)
argued that the typical size of dust grain radii had to be greater
than 10 µm and up to at least 1 mm. Telesco & Knacke (1991)
pointed out that the particles must be less than 10 µm to give the
silicate emission. Aitken et al. (1993) reported that 2 µm grains
could reproduce their own observations of the silicate emission
feature, using the optical constants of “astronomical silicates”
(Draine & Lee 1984). On the other hand, the detailed modeling
of Knacke et al. (1993) showed that compact Draine & Lee sil-
icate particles failed to reproduce the silicate feature. This led
them to suggest that “the silicate mineral composition is differ-
ent from that incorporated in the Draine & Lee constants”. Their
attempts to improve the fits by other silicate mineral composi-
tions were also unsuccessful. The predicted albedo was also
different from one model to another (e.g., Artymowicz et al.
1989; Backman et al. 1992). The resultant distributions of dust
in the disk (disk structure) were also different. In modeling the
spectral energy distribution including millimeter data, Chini et
al. (1991) required that the dust particles in the inner≤ 36 AU of
the disk were greatly depleted, while Artymowicz et al. (1989)
suggested that the inner clearing zone is about ∼ 5 − 15 AU,
and Backman et al. (1992) claimed that the dusty disk extends
inward to 1 AU. As far as the dust morphology is concerned,
all the models discussed above were based on compact spher-
ical particles. Actually, the aggregation of primary interstellar
dust particles in the first stage of star formation should lead
to fluffy structure (Krügel & Siebenmorgen 1994; Henning &
Stognienko 1996 and references therein) so that the introduction
of porous cometary dust grains by Greenberg & Li (1996) was
a more logical choice.

The inconsistencies and controversies should not have been
a surprise at all, since each of the previous models focused only
on the dust grains in a certain region of the disk rather than con-
sidering the full disk.The comprehensive modeling of scattered
light in the optical band by Artymowicz et al. (1989) placed de-
tailed constraints on the scattering properties of the dust grains
and on the dust density distribution in the outer region of the
disk (≥ 100 AU), while the dust properties in the inner disk
were less or poorly constrained. The dust particles considered
by Backman et al. (1992) and Chini et al. (1991) were designed
to be responsible for the dust continuum emission, while the

now well established silicate spectra were not taken into ac-
count (actually, the detection of the detailed silicate structure
came later). In modeling the spectral energy distribution, they
arbitrarily assumed a power law approximation for the grain ab-
sorptivity (emissivity). However, even if the actual wavelength
dependent optical constants of dust particles were incorporated
in their models, there is no reason to expect the presence of any
silicate feature because the dust particles are either too cold or
too large to show any excess emission in the silicate wavelength
range. Our calculations show that, in the model of Backman et
al. (1992), the particles with a typical size (1µm) in the inner
boundary (4.5 AU) are at ∼ 250 K; in the model of Chini et al.
(1991), the smallest particles (10µm) in the innermost region of
the disk (36 AU) are at about 70 K. Obviously the hottest parti-
cles in these models are too cold to provide the silicate emission
which is mostly given by particles at ∼ 300 K. Contrary to the
continuum modeling of Backman et al. (1992) and of Chini et
al. (1991), Knacke et al. (1993) and Aitken et al. (1993) only
considered the hot particles in the inner disk which are respon-
sible for the silicate emission. It is seen that, in order to obtain
a complete picture of the β Pictoris disk, one needs to consider
all the dust particles distributed in the entire disk; namely, both
the hot particles which produce the silicate feature and the cold
particles which are responsible for the FIR and millimeter emis-
sion. It is the aim of this work to model simultaneously both the
continuum from the NIR to the millimeter and the silicate fea-
ture with a full description of the dust properties over the entire
disk.

Considerable evidence exists which shows that the dust par-
ticles in the β Pictoris disk cannot be the reservoir left over
after star formation. Dynamical studies indicate that the grain
destruction time scales due to grain-grain collisions, Poynting-
Robertson drag and radiation pressure are shorter than the life-
time of β Pictoris (Backman & Paresce 1993). This indicates
that there must be some dust source which continually replen-
ishes the lost particles. Such a source was first suggested as
due to comet-like bodies by Weissman (1984). The fact that
the structured silicate feature (broad amorphous silicate emis-
sion at 9.7 µm with a crystalline silicate feature at 11.2 µm
superimposed) is similar to that of some comets including the
famous comet Halley and the most recent comet Hale-Bopp
(Campins & Ryan 1989; Hanner et al. 1994; Hayward & Han-
ner 1997) indicates the similarity of cometary dust with the β
Pictoris dust. Furthermore, the systematic spectroscopic obser-
vations of gaseous elements in the visible or in the ultraviolet
carried out by the French group showed that the spectral lines
CaII, MgII, FeII, AlIII, AlII, CIV, CI and CO show strong time
variations and are almost always redshifted relative to the stellar
spectra (Vidal-Madjar et al. 1994 and references therein). These
variations can be explained to result from the evaporation of the
dust grains shed from comet-like bodies falling on the star as a
consequence of planet perturbation (Beust et al. 1990). It may
be of interest to note that massive bombardment of the planets
by cometary bodies lasted more than 500 million years in our
early solar system (Chyba et al. 1994) so that the presence of
comets in β Pictoris, which is much younger than this (Paresce
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1991; Crifo et al. 1997) is not exceptional. Thus we assume that
the dust particles in the β Pictoris disk are of cometary origin;
i.e., fluffy aggregates of primitive interstellar grains.

In this work, we simultaneously model both the silicate spec-
tra and the continuum from NIR to millimeter. The scattered
light in the optical band undoubtedly provides useful constraints
on the dust properties. Due to the complexity of obtaining a pre-
cise solution of the porous particles scattering problem, we have
not modeled the scattered light in this work. Sect. 2 discusses
the dust compositions, sizes, and spatial density distribution.
The modeling methods are described in Sect. 3. Sect. 4 presents
the model results which provide the best fit to the observations.
In Sect. 5 we discuss the constraints on the dust properties such
as porosity, sizes and density distribution given by our model.
The gas species of cometary origin and the silicate mineralogy
are also discussed. The conclusion is given in Sect. 6.

2. Dust properties

Based on the observational evidence already mentioned in
Sect. 1, we propose that the dust particles in the β Pictoris disk
are of cometary origin. We adopt the comet dust model of Green-
berg (1982, 1998) of which the basic idea is that, comet dust
grains are fluffy aggregates of primitive interstellar dust. Inter-
stellar dust consists of a silicate core, an organic refractory ma-
terial mantle resulting from ultraviolet photoprocessing of ice
accreted on the silicate core, and an additional H2O dominated
ice mantle accreted in dense molecular clouds and in the final
stage of contraction of the protostellar nebula cloud (Greenberg
1978). Comets form through the aggregation of the dust grains
in protostellar clouds with all the primitive material properties
remaining essentially unaltered. It is natural to assume that the
comets in theβ Pictoris disk which act as the dust source formed
out of the same protostellar nebula as the central star β Pictoris.
When these comets come close to the star, some comet dust
particles are sputtered out and stay in the disk. Exposed to the
radiation in the inner disk, say, within∼ 100 AU, the dust grains
could be heated to well above 120 K and so that the outer ice
mantles would evaporate, leaving the disk dust grains as fluffy
silicate core-organic refractory mantle aggregates. Deeper into
the inner region of the disk, the dust temperatures are so high
that some of the organic refractory mantles also evaporate and
some silicates are even crystallized. The strong radiation pres-
sure blows the small particles out, so that the crystalline silicate
particles become distributed over the entire disk. While in the
outer disk, say≥ 100 AU, the grain temperatures could be lower
than 120 K, thus it is possible that water vapor recondenses on
the individual particles of the aggregates. The recondensation
of water vapor not only modifies the chemical composition but
also reduces the porosity (less empty space) of the aggregate.
It is also possible that some comets which have never come
close enough to β Pictoris, also contribute a certain amount of
dust particles through shattering and collision. The dust particles
originating from such processes naturally keep their original ice
mantles.

2.1. Dust materials

One conclusion drawn from the preceding discussion is that
there are two main kinds of dust grains in the β Pictoris disk: a –
porous aggregates of amorphous silicate core-organic refractory
mantle (without/with ice mantle) interstellar dust; b – porous
aggregates of crystalline silicate (without/with ice mantle). In
reality, definitely some dust particles evaporate their organic
refractory mantles partially and the amorphous silicate cores are
only partially crystallized. However, for simplicity, we group all
these particles in the two extreme cases a and b.

As far as grain material properties are concerned, we con-
centrate on the optical properties of the various dust components
which are described in terms of their optical constants (complex
indices of refraction) m(λ) = m

′
(λ) − im

′′
(λ). The optical

constants of amorphous silicate and organic refractory materials
have been discussed in detail by Li & Greenberg (1997). Here
we focus on crystalline silicate and ice.

In order to study the fine structures of silicate bands, in par-
ticular, to compare the predicted silicate features with the obser-
vations, we need not only high resolution data of the optical con-
stants in the NIR/MIR range but also a complete set of data from
the far ultraviolet (FUV), through visual to the FIR for various
chemical compositions since the absorption of radiation from β
Pictoris occurs mostly in the near ultraviolet and visual while
the emission occurs in the MIR and FIR. However, the optical
constants have been measured only for samples with a limited
chemical variety and for a limited wavelength range. Therefore
it is necessary to construct a set of optical constants over a wide
range of wavelengths on the basis of the existing experimental
data and some reasonable assumptions. For λ ≤ 0.3µm, we
have taken the imaginary part of the refraction index m

′′
(λ)

of crystalline olivine measured by Huffman & Stapp (1973).
For the range 0.3µm ≤ λ ≤ 6µm, the m

′′
(λ) of Draine & Lee

(1984) have been adopted. In the range of 7µm ≤ λ ≤ 200µm,
Mukai & Koike (1990) have measured the transmission spec-
trum of crystalline olivine ((Mg0.9Fe0.1)2SiO4) and from that
they derived 17 Lorentz oscillators. We have calculated the in-
dex of refraction of crystalline olivine from 7 to 200 µm using
the Lorentz oscillator dispersion parameters given by Mukai &
Koike (1990). For the FIR (λ ≥ 200µm), the absorption of
crystalline materials is dominated by free electrons and falls
off as λ−2 (Tielens & Allamandola 1987), thus we assume
m

′′
(λ) ∝ λ−1 which indicates that the FIR absorption is∝ λ−2.

The imaginary parts of the refraction indices m
′′

(λ) are then
smoothly joined from the FUV to the millimeter region. Fi-
nally, the real parts of the optical constantsm

′
(λ) are calculated

from m
′′

(λ) by using the Kramers-Kronig relation. The effects
of different crystalline silicate minerals on the model spectra
will be demonstrated in Sect. 5.

Obviously, the cometary ices are a mixture of H2O, CO,
CO2, CH3OH, H2CO etc. Since H2O ice is the dominant com-
ponent, and since we are not interested in the detailed structure
of ice bands, we employ the optical constants of H2O ice. The
experimental data on m(λ) for H2O ice ranging from the FUV
to the FIR are also poor. The following procedure was used to
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1

1

Fig. 1. The radial temperature distribution of porous aggregates with a
porosity of P = 0.975 and masses of 10−14, 10−12, ...10−4 g (from top
to bottom) for a) the amorphous silicate model – fluffy aggregates of
amorphous silicate core-organic refractory mantle (with an outer ice
mantle at r > 100 AU) particles and b) the crystalline silicate model
– fluffy aggregates of crystalline silicate (with no organic mantle but
with an outer ice mantle at r > 100 AU) particles (see text of Sect. 4).

construct a complete set of optical constants. First, we adopt
the laboratory data (m

′′
(λ)) of 10 K pure H2O ice in the range

of 2µm ≤ λ ≤ 200µm (Hudgins et al. 1993). For λ ≤ 2µm
we use the m

′′
(λ) of crystalline H2O ice (Greenberg 1968). For

FIR (λ ≥ 200µm) we assume that m
′′

(λ) falls off as λ−n with
n in the range of 0.0 to 1.0. Finally the imaginary parts m

′′
(λ)

are smoothly connected from the FUV to the millimeter and the
real parts m

′
(λ) are then calculated from m

′′
(λ) by using the

Kramers-Kronig relation. Note that both amorphous and crys-
talline ice materials could be present in the outer disk region.
The ices resulting from the recondensation of water vapor are
predicted to be crystalline (Kouchi et al. 1994) while the primi-
tive ice materials are in an amorphous phase, but for the purpose
of this work (only the dust emission is of concern) there would
be no significant differences between using crystalline ice and
amorphous ice since the temperatures for these materials are
similar, as shown by Mukai & Mukai (1984).

The position in the disk where the ice mantle first occurs
(in other word, the ice sublimation boundary) depends on the
grain materials and sizes. For small particles the presence of an
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Fig. 2. The mass distributions of dust grains in the inner region
[rinner, r1] (dotted line), the middle region [r1, r2] (dashed line), the
outer region [r2, router] (solid line). The small particles in the inner
disk are highly enhanced. The mass distribution of the outer region is
the same as that of comet Halley dust.

ice mantle occurs farther out than for large particles since small
particles are hotter than large particles with the same composi-
tion. On the other hand, the aggregates of core-mantle particles
are more absorbing than the aggregates of crystalline silicate
particles so that the presence of ice mantles is further removed
outward. Indeed the ice sublimation boundaries cover a wide
range of disk radii as one can see from the grain temperature dis-
tribution as plotted in Fig. 1a,b (see Sect. 4). However, for sim-
plicity, we will assume that the presence of ice mantles occurs
at the same distance from the central star; namely, we choose
an intermediate value in the sublimation boundary range as the
sublimation boundary for all the grains.

2.2. Dust size (mass) distribution

As discussed in Sect. 1, the earlier works on β Pictoris yielded
widely ranging different values for the grain size. It is difficult to
constrain grain size without taking into account both the silicate
spectra and the continuum emission. Here we are neither going
to adopt a power law distribution which was taken as granted by
other models (e.g., Backman et al. 1992, Knacke et al. 1993),
nor are we going to employ the Hanner size distribution form
(Hanner et al. 1985). We shall assume as a first approximation
that the dust grains in the β Pictoris disk have a size distribution
similar to that of comet Halley. Although we cannot say that this
need be exactly the case in the β Pictoris system, it is consid-
ered as a reasonable starting point if we believe that the dust is
shed by comets. The spacecrafts Vega 1, Vega 2 and Giotto per-
formed in situ measurements of dust mass distributions when
approaching close to comet Halley (see Fig. 3a in Greenberg &
Hage 1990). A mass distribution can be converted into a size
distribution provided one has knowledge of the grain mass den-
sity and morphology. In this work, the mass densities of silicate,
organic refractory and ice are assumed to be ρsi = 3.5 g cm−3,
ρor = 1.8 g cm−3, ρice = 1.2 g cm−3, respectively.
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Fig. 3a–c. The spectral energy distribution predicted
from the amorphous silicate model with a porosity of
P = 0.975 together with various observational data as
summarized in Sect. 4. The grain size distributions
are those of Fig. 2. The imaginary part of the refrac-
tive index of ice grains falls off as m

′′
ice(λ) ∝ λ−0.5

in the FIR. The dust volume number density goes
as n(r) ∝ r−2.7 in the entire disk. For illustrative
purposes, the NIR and the 10µm silicate emission
spectra are presented in b with the MIR spectra in c
in addition to the overall spectral energy distribution
from the NIR to the millimeter plotted in a.
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Fig. 4a–c. The spectral energy distributions obtained
from three dust models with m

′′
ice(λ) ∝ λ−0.0

(dotted line), m
′′
ice(λ) ∝ λ−0.5 (solid line), and

m
′′
ice(λ) ∝ λ−1.0 (dashed line) in the FIR. The other

parameters are identical to those of Fig. 3.
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Fig. 5a–c. Same as Fig. 3 except for the crystalline
silicate model.
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Fig. 6A. The spectral energy distribution derived
from a mixture of the amorphous silicate model (dot-
ted line; same as Fig. 3) and the crystalline silicate
model (dot-dashed line; same as Fig. 5) with an as-
sumption of 20% crystalline silicates. a The over-
all spectrum from the NIR to the millimeter; b The
10µm silicate feature; c The MIR emission bands.
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Fig. 6B. Same as Fig. 6A except for 30% crystalline
silicates.

Table 1. The spatial distribution of dust grains and the total dust mass. (If a newly determined β Pictoris distance 19.28 pc rather than 16.6 pc
is adopted, the radial distance r should increase by ≈ 16%, and the dust mass should be multiplied by a factor of ≈ 1.35.)

Materials P? β, (n(r) ∝ r−β) Dust Mass (g)
[ 1, 40 ] AU [ 40, 100 ] AU [ 100, 2200 ] AU [ 1, 40 ] [ 40, 100 ] [ 100, 2200 ] [ 1, 2200 ]

am† 0.975 2.7 2.7 2.7 5.67× 1022 6.12× 1025 2.19× 1027 2.25× 1027

cryst‡ 0.975 2.7 2.7 2.7 2.40× 1022 5.60× 1025 1.97× 1027 2.03× 1027

am 0.975 1.8 2.7 2.7 3.65× 1023 5.25× 1025 1.88× 1027 1.93× 1027

cryst 0.975 1.8 2.7 2.7 2.17× 1023 5.30× 1025 1.87× 1027 1.92× 1027

am 0.975 1.8 1.8 2.7 3.81× 1023 6.98× 1025 2.37× 1027 2.44× 1027

cryst 0.975 1.8 1.8 2.7 2.37× 1023 6.95× 1025 2.32× 1027 2.39× 1027

am 0.975 2.0 2.0 2.7 2.47× 1023 5.58× 1025 2.03× 1027 2.09× 1027

cryst 0.975 2.0 2.0 2.7 1.40× 1023 5.43× 1025 1.94× 1027 1.99× 1027

am 0.95 2.7 2.7 2.7 9.60× 1022 1.07× 1026 2.63× 1027 2.74× 1027

cryst 0.95 2.7 2.7 2.7 4.30× 1022 1.02× 1026 2.46× 1027 2.56× 1027

? porosity; † the amorphous silicate model; ‡ the crystalline silicate model.

For comet Halley dust, it has been deduced both observation-
ally (Vaisberg et al. 1986) and theoretically (Thomas & Keller
1989; Greenberg & Li 1997) that large porous aggregates se-
quentially fragment into smaller ones due to sublimation effects
and/or grain-grain collisions when they move outward in the
coma. Thus the size distribution for smaller particles should be
enhanced relative to larger particles. Forβ Pictoris, the enhance-
ment effect may be more significant than for comet Halley due
to the stronger stellar radiation (more efficient sublimation) and

denser dust environment (more efficient collisions). The Halley
dust size distribution was represented by a polynomial function.
The enhancement of smaller grains can be achieved by adjusting
the coefficients.

2.3. Dust spatial density distribution

We assume that the dust density distribution follows a power
law: n(r) ∝ r−β , where r is the distance from the central star,
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Fig. 6C. Same as Fig. 6A except for 40% crystalline
silicate.

n(r) is the volume number density. We also assume that the disk
is circularly symmetric, perfectly wedge-shaped with the disk
thickness proportional to the radius r and a constant opening
angle. Strictly speaking, these assumptions are not completely
valid because observations do show some asymmetry (Lagage &
Pantin 1994; Kalas & Jewitt 1995). Artymowicz et al. (1989) de-
rived β ≈ 2.7 for r ≥ 100 AU from their modeling of scattered
optical light. Following Artymowicz et al. (1989), we adopt
β ≈ 2.7 for the outer region of the disk plane (r ≥ 100 AU).
For the inner region, we keep β as a free parameter. We note
that the dust density distribution cannot be uniquely determined
because it is coupled with the grain size (mass) distribution.
Further discussion will be given in Sect. 5.

3. The modeling methods

In order to model the spectral energy distribution and the spectral
features, we need to know the absorption and emission proper-
ties of the emitters and their steady state temperatures.

The absorption efficiency Qabs(a, λ) is obtained from Mie
theory, assuming both the porous aggregate and the individual
particles in the aggregate are spherical. For λ ≥ 1µm, the
Maxwell-Garnett effective medium theory (Maxwell-Garnett
1904; Bohren & Huffman 1983) is applied twice, as in Green-
berg & Hage (1990), to calculate the effective dielectric function

first of the individual core-mantle particles and then of the aggre-
gates. For the aggregates in which the individual particles have
an additional icy coat, the effective medium theory should be ap-
plied three times. For λ < 1µm, the aggregate is approximated
as a cloud of independent particles. A detailed description of
the method of calculation has been given by Greenberg & Hage
(1990) and Hage & Greenberg (1990).

The dust temperatures can then be calculated on the basis
of the dust energy balance,

ω
∞∫

0
πa2Qabs(a, λ)4π B(T?, λ) dλ =

∞∫

0
π a2 Qabs(a, λ)4π B[Td(r, a), λ] dλ

(1)

where ω is the dilution factor, ≈ (R?

2r )2; T? (≈ 8200 K) and R?

(≈ 6.23×10−3 AU) are the temperature and radius of the central
star, respectively;B[Td(r, a), λ] is the Planck function. Here the
stellar flux is approximated by a blackbody at temperature T?.
The grain temperature Td(r, a) is a function of a (grain size,
mass), of r (the distance from the location of the grain to the
central star), and, of course, of grain materials.

The disk is assumed to be circularly symmetric, wedge-
shaped. The opening angle of the wedge is assumed constant so
that the disk thickness is proportional to the radius, h(r) = l0 r.
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Fig. 7A. The spectral energy distribution calculated
for the amorphous silicate model with a porosity of
P = 0.85. The dust volume number density falls off
as n(r) ∝ r−2.7 in the entire disk. a The overall
spectral energy distribution from the NIR to the mil-
limeter; b The 10µm silicate emission spectrum.

The flux density emitted by the disk received at the Earth is
given by

F (λ) =
∫ router
rinner

∫ a+

a−
πa2Qabs(a, λ)n(a)

×B[Td(a, r), λ] dan(r)l0 r 2πrdr
D2

(2)

where n(a) is the dust size distribution and n(r) is the dust volume
density distribution; D (∼ 16.6 pc) is the distance from the Earth
to β Pictoris; rinner and router are the inner and outer bound-
aries of the disk, respectively. Most recently, based on the Hip-
parcos satellite measurements of the β Pictoris parallax, Crifo
et al. (1997) evaluated a new distance, D

′ ' 19.28 ± 0.19 pc,
≈ 16% higher than the commonly adopted one (D ' 16.6 pc).
This would increase the stellar luminosity by (D

′
/D)2 − 1

(≈ 35%), and the star radius by D
′
/D-1 (≈ 16%). Before the

confirmation of this new determination, and for the convenience
of comparing our results with those of the earlier works, we
shall still adopt the previous stellar parameters (D ' 16.6 pc,
R? ≈ 6.23× 10−3 AU). We note that introducing the new dis-

tance D
′

does not change the basic conclusions. All that need
be modified are just the geometrical dimensions and dust mass.
More detailed discussion of this will be presented in Sect. 5.2.

In the earlier works (e.g., Backman et al. 1992, Knacke et
al. 1993, Harvey et al. 1996) the disk was divided into two com-
ponents with a boundary at ∼ 80 AU. The two components are
different in both grain sizes and grain density distributions. The
most noteworthy point of their disk structure is the sudden jump
of the grain number density at the boundary (80 AU). They at-
tributed this to the sublimation of pure icy particles in the inner
component. It seems to us more consistent to imagine that the
volatile ices accompany the refractories as mantles than that
they are isolated from the refractories and form pure ice grains.
Thus the sublimation of ices may indeed lead to a change in the
grain sizes, but a sudden jump where sublimation stops does
not appear at all reasonable in terms of the comet dust hypoth-
esis. Such jump might be conceived only if the silicate and ice
particles are separate components. This appears highly improb-
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Fig. 7B. Same as Fig. 7A but for the crystalline sili-
cate model.

able. Artymowicz (1994) also questioned the sudden jump of
grain density in terms of the albedo and the widely ranging ice
sublimation boundary.

We have chosen to divide the disk into three components:
1) an inner component between rinner and r1 (r ∈ [rinner, r1])
– in which the dust grains contribute to the NIR and the 10µm
silicate emission (λ < 20µm); 2) a middle component between
r1 and r2 (r ∈ [r1, r2]) – in which the dust grains contribute
to the mid-infrared emission (20 < λ < 60µm); 3) an outer
component between r2 and router (r ∈ [r2, router]) – in which
the dust grains contribute to the FIR and millimeter emission.
Although the 10µm silicate emission is dominated by the inner
component particles, the particles in the [r1, r2] region have an
effect on the long wavelength wing, thus the silicate spectra
as well as the MIR emission define r1. The disk radius, r2,
where the icy mantles first appear is chosen to be∼ 100 AU, an
intermediate value in the sublimation boundary range.

To model the spectral energy distribution, we need to know:
1. The mass (volume) ratio of the organic refractory man-

tle to the silicate core, Mor/Msi. We note that the value of
Mor/Msi could be highly variable for different astrophysical
environments (diffuse clouds, dense molecular clouds, comet,
etc). The mass spectra of comet Halley dust as measured by
the PUMA mass spectrometer on board the spacecraft Vega 1
indicated that Mor/Msi ≈ 1 (Kissel & Krueger 1987). In this
work, we adopt Mor/Msi = 1.

2. The mass (volume) ratio of the ice mantle to the silicate
core-organic refractory mantle, Mice/Msi+or. Recently, Green-
berg (1998) has developed a model of comet nucleus in which
the chemical composition is very precisely constrained by com-
bining the latest knowledge of interstellar dust, the solar system
elemental abundances, the dust composition of comet Halley,
and the latest data on the volatile molecules of comet comae. It
gives Mice/Msi+or ≈ 1 if all the volatile molecules and small
carbonaceous particles as well as PAH’s are accreted into the
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Fig. 8A. Same as Fig. 7A but with a porosity of
P = 0.90.

H2O ice mantle. So, we assumeMice/Msi+or = 1 for the aggre-
gates of ice coated interstellar grains noting that the ice here is
really about 75% H2O, the rest being CO, CO2 etc. (Greenberg
1998).

3. The porosity P. For comet Halley dust, Greenberg & Hage
(1990) have shown that the dust grains must be very fluffy with
a porosity in the range of 0.93 ≤ P ≤ 0.975 in order to get
the silicate excess emission. High porosity is also required to
explain the extended CO emission in the coma of comet Halley
(Greenberg & Li 1997). In this work we consider a wide range
of porosities, but as will be shown in Sect. 5, one finds that the
porosity is actually well constrained to a rather narrow range.

4. The grain size (mass) distribution n(a). In the inner re-
gion of the disk, the grain size distribution in combination with
porosity is well constrained by the silicate spectral feature. We
point out here that the distribution of small particles must be en-
hanced (relative to the Halley size distribution) otherwise either
there is too little MIR, FIR emission (in the case of high poros-

ity, say, P = 0.975) or there is no silicate emission feature at all
(in the case of low porosity). Our model calculations also imply
that the particles responsible for the MIR emission must also
have an enhancement in the small particles. The lower mass
limit was set at 10−14 g which is equivalent to an individual
tenth micron interstellar grain. Particles with radii smaller than
tenth micron contribute very little to the thermal emission in
comet Halley (Hanner et al. 1987). The upper mass limit was
set at 10−3 g. This upper mass limit is high enough since such
high mass particles are so cold that their thermal emission is
negligible.

5. The grain density distribution. As we will see in the dis-
cussion in Sect. 5, n(r) is not uniquely determined but coupled
with the grain mass distribution.

6. The inner and outer boundary of the disk, rinner and
router (also r1, r2). There is a large scatter among the values of
rinner adopted for the previous models. The best fit model by
Backman et al. (1992) gave rinner = 4.5 AU; and that by Chini
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Fig. 8B. Same as Fig. 8A but for the crystalline sili-
cate model.

et al. (1991) rinner = 36 AU; while that by Harvey et al. (1996)
gave rinner = 5.0 AU. As discussed in Sect. 1, since the dust
grains in the models of Backman et al. (1992) and Chini et al.
(1991) are so far away from the central star, even the smallest
particles cannot be heated enough to radiate with a silicate ex-
cess emission. Our model calculations show that rinner ≈ 1 AU
is the best value for the inner boundary. For rinner much less
than 1 AU, the particles will be heated to such high temperatures
that they would be completely evaporated. On the other hand,
for rinner = 5 AU, even in the case in which small particles
are greatly enhanced, the particles are still not hot enough to
give the silicate emission. Even for rinner = 3 AU, the sili-
cate feature is either too shallow or peaks at the wrong wave-
length. It is interesting to note that Knacke et al. (1993) also
found that among their various models rinner ≈ 1 AU provides
the best fit to the silicate feature. Consequently we believe that
the inner boundary is rather strictly constrained by the silicate
excess emission requirement. The outer boundary of the disk

extends to > 2000 AU (Smith & Terrile 1987). Our model cal-
culations show that the difference of the 1300 µm emission is
rather weakly dependent on the choice of the outer radius: the
difference between the models using router = 1600 AU and
router = 2500 AU is only about 5%, well within the uncertain-
ties of the millimeter observations since the dust grains in the
outer region (r > 2000 AU) are too cold even to contribute
much to submillimeter/millimeter emission. We have chosen
router = 2200 AU.

4. The spectral energy distribution: dust sizes and optical
properties

The observational data with which we compare our theoretical
results are the intermediate resolution infrared spectra (the sili-
cate spectra) at 2.6 – 13.5 µm of Knacke et al. (1993), the spec-
trophotometry of Telesco & Knacke (1991) at 8.8, 10.3, 11.7
and 12.5 µm, and the photometry of Backman et al. (1992) at
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Fig. 9A. The spectral energy distribution obtained
from the amorphous silicate model with a porosity
of P = 0.95. The dust volume number density falls
off as n(r) ∝ r−2.7 in the entire disk. The grain size
distributions are presented in Fig. 9D.

3.45, 4.80, 10.1 and 20 µm, of Telesco et al. (1988) at 10 and 20
µm, of the IRAS survey at 12, 25, 60 and 100 µm, of the KAO
(the Kuiper Airborne Observatory) at 47 and 95 µm (Harvey et
al. 1996), of Zuckerman & Becklin (1993) at 800 µm, and of
Chini et al. (1991) at 1300µm. Note these measurements were
made at different beam sizes.

Once the grain properties (Mor/Msi,Mice/Msi+or, P, grain
sizes) are specified, the absorption efficiencies Qabs(a, λ) can
be derived. The grain temperatures can then be obtained from
Eq. 1. Here we first consider an amorphous silicate model and
then a crystalline silicate model.

In Fig. 1a we plot the temperatures as a function of the dis-
tance from the central star for the aggregates of amorphous
silicate core-organic refractory mantle (with an ice mantle at
r > 100 AU) grains with Mor/Msi = 1, Mice/Msi+or = 1,
P=0.975 and various masses. It is apparent in Fig. 1a that
the temperature decreases with the increase of grain size. At
r2 = 100 AU the presence of ice mantles makes the particles
more transparent and thus leads to lower temperatures. In the in-
ner several AU of the disk, some dust grains are heated to above
1000 K. Note that laboratory studies show that amorphous sili-
cate can be annealed when heated to∼ 700 – 1200 K; for exam-
ple, amorphous magnesium silicate was converted to crystalline
olivine by heating to 1270 K for one hour (Day & Donn 1978).
Glassy silicate particles can be crystallized by heating to 875 K

for 105 hours (Koike & Tsuchiyama 1992). This implies that the
crystallization of amorphous silicate could occur in this region.

Following the discussion in Sect. 3, we adoptMor/Msi = 1,
Mice/Msi+or = 1, rinner = 1 AU, router = 2200 AU. The grain
number density n(r) is assumed to be ∝ r−2.7 over the en-
tire disk with r2 = 100 AU. We first consider a high porosity
P=0.975 as proposed by Greenberg & Hage (1990) and Green-
berg & Li (1997). The effects of different grain density dis-
tributions and porosities will be discussed in Sect. 5. We then
adjust the grain size (mass) distributions of the three disk com-
ponents so as to match both the silicate feature, the mid-infrared
and the FIR/millimeter emission. Our model calculations show
that the smaller particles in the inner component of the disk
should be greatly enhanced, those of the middle component
of the disk moderately enhanced, while the outer disk has the
same size distribution as that of comet Halley dust. r1 is well
constrained to be ≈ 40 AU by fitting the silicate feature and
the mid-infrared emission. The resulting grain mass distribu-
tions are presented in Fig. 2. Note that for a more realistic case
the dust size distribution should be spatial dependent. Here the
spatial dependence has been simplified by adopting three distri-
butions each of which represents the average size distribution of
one disk component. Fig. 3a shows the theoretical spectral en-
ergy distribution as well as the observations from the NIR to the
FIR/millimeter. The 10µm silicate feature and the MIR spectra
are illustrated in Fig. 3b and Fig. 3c, respectively. Fig. 3 demon-
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Fig. 9B. Same as Fig. 9A but for the crystalline sili-
cate model.

strates that the amorphous silicate model (porous aggregates of
amorphous silicate core-organic refractory mantle without/with
an additional ice coat) provides a good match to the continuum
from NIR to FIR/millimeter as well as the silicate spectrum
except for the 11.2µm crystalline silicate feature which will
be modeled below. The sudden jump at ∼ 5µm is due to the
various C=C, C=O, C-OH, C≡N, C-NH2 etc. stretches in the
organic refractory materials (Greenberg et al. 1995). One can
see from Fig. 3c that the MIR spectra (20µm ≤ λ ≤ 50µm)
are almost featureless. The little spike at ∼ 100µm is an arti-
ficial feature which may be due to the instrumental resolution
(see Fig. 5 of Hudgins et al. 1993). The total dust mass required
to produce the observed thermal emission is ≈ 2.25 × 1027 g
with≈ 5.67× 1022 g in [rinner, r1],≈ 6.12× 1025 g in [r1, r2]
and ≈ 2.19 × 1027 g in [r2, router]. Table 1 summarizes the
parameters for the dust and the resulting dust masses. It is in-
teresting to note that the fraction of the dust mass within the
inner 40 AU is only ≈ 2.5 × 10−5 of that of the total disk. If
we had assumed a constant size distribution for the whole disk,
this would have been≈ 0.23. This implies that the inner 40 AU
of the disk has been highly cleared out. This depletion has been
suggested to be caused by the perturbations of planets (Roques
et al. 1994; Lazzaro et al. 1994). On the other hand, the presence
of a large population of small particles in the inner disk also in-
dicates that they must be continuously replenished by some kind
of dust-rich bodies since these small particles survive for only

a short time in the inner disk due to the Poynting-Robertson
drag and radiation pressure effects (Backman & Paresce 1993;
Artymowicz 1988). The only available complete FIR/millimeter
laboratory data for the optical constants of ice are for hexagonal
ice. They are temperature dependent with the spectral index of
the imaginary part of the index refraction n (m

′′ ∝ λ−n) rang-
ing from ∼ 0.6 to ∼ 1.0 (Warren 1984). Because of the lack of
FIR/millimeter data for the optical constants of amorphous and
crystalline ices, we have tried to fit the FIR/millimeter emission
by varying the spectral index n of the imaginary part of the re-
fractive index of ice m

′′
ice(λ) (∝ λ−n) as discussed in Sect. 2.1.

The best fitting to the FIR/millimeter emission as plotted in
Fig. 3 implies that m

′′
ice(λ) ∝ λ−0.5 at λ > 100µm. For com-

parison, we present in Fig. 4 the theoretical spectra predicted
by three sets of optical constants for ices: m

′′
ice(λ) ∝ λ−0.0,

m
′′
ice(λ) ∝ λ−0.5, and m

′′
ice(λ) ∝ λ−1.0, respectively (keep-

ing all other parameters unaltered). Fig. 4 clearly shows that the
optical constants of ices at FIR/millimeter significantly affect
the FIR/millimeter spectral energy distribution. Note that the
variation of n in m

′′
ice(λ) ∝ λ−n has negligible influence on

the 10µm silicate band and the MIR emission. In the following
modeling, unless otherwise stated, we adopt n = 0.5.

The above calculations are based on the amorphous sili-
cate model. Although it provides a good match to the general
shape and width of the silicate spectrum, it fails (as expected)
to reproduce the fine structure at 11.2µm which is character-
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Fig. 9C. The spectral energy distribution predicted
from a mixture of the amorphous silicate model (dot-
ted line; same as Fig. 9A) and the crystalline silicate
model (dot-dashed line; same as Fig. 9B) with an as-
sumption of 30% crystalline silicates. a The overall
spectra from the NIR to millimeter; b The 10µm
silicate feature; c The MIR emission bands.

istic of crystalline silicate. In the following we will first con-
sider the pure crystalline silicate case – porous aggregates of
crystalline silicates (with ice mantles in the outer region of the
disk r ∈ [r2, router] but no organic inner mantle). This repre-
sents the case in which not only are the grains heated in the
internal region sufficient to create pure crystallinity but also to
totally evaporate the organics. When such particles are in the
outer region they may reaccrete H2O but not the organics. The
optical constants of crystalline silicate are based on the exper-
imental results of Mukai & Koike (1990) and are extended to
FUV and FIR/millimeter by us as discussed in Sect. 2.1. The
effects of various crystalline silicate minerals on the 10µm and
MIR bands will be demonstrated in Sect. 5. The dust parame-
ters are taken to be identical to those of the amorphous silicate
model: n(r) ∝ r−2.7, rinner = 1 AU, r1 = 40 AU, r2 = 100 AU,
router = 2200 AU; n(m) same as in Fig. 2; P = 0.975; except
Mor/Msi = 0 and Mor/Msi+or = 1.

Fig. 1b illustrates the grain temperatures as a function of the
disk radius for the crystalline silicate model. From Fig. 1b it can
be seen that the temperatures of crystalline silicate aggregates
are significantly lower than those of amorphous silicate core-
organic refractory mantle aggregates. This is due to the absence
of organic refractory materials which are much more absorbing
than silicates in the visual and near ultraviolet. The theoretical
spectra are presented in Fig. 5. The overall spectral energy dis-
tribution is successfully fitted from NIR to FIR and millimeter,
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Fig. 9D. The mass (size) distributions of the dust grains which provide
the spectral energy distributions shown in Fig. 9A and Fig. 9B.

except the silicate bands are too narrow (Fig. 5a). As illustrated
in Fig. 5b, the model spectra show a distinct double-peak and
provide an excellent match to the 11.2µm emission and the
red wavelength wing of the silicate band but there is a poor fit
to the blue wavelength wing. Fig. 5c shows the predicted fine
structures of the chosen silicate minerals in the mid-infrared
(20 – 50µm): 16.3, 18.6, 23.0, 28.0, 33.6µm. Hopefully ISO
will obtain high resolution spectroscopic data in this wavelength
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Fig. 10A. Same as Fig. 3 except the grain volume
number density n(r) goes as
∝ r−1.8, r ∈ [rinner, r1]; ∝ r−2.7, r ∈ [r1, r2];
and ∝ r−2.7, r ∈ [r2, router] (see the text of
Sect. 5.2). The grain mass distributions are shown
in Fig. 10C.

region and place hard constraints on the silicate minerals in de-
tail. This model results in a dust mass of ≈ 2.03× 1027 g with
≈ 2.40× 1022 g in [rinner, r1], ≈ 5.60× 1025 g in [r1, r2] and
≈ 1.97× 1027 g in [r2, router] (see Table 1). The total amount
of dust mass in the disk is close to that of the amorphous sil-
icate model (≈ 2.25 × 1027 g) while in the inner component
([rinner, r1]) the dust mass is only 42% of the amorphous sili-
cate model. This is because the absorption cross section of pure
crystalline silicate (at ∼ 10µm) is about twice that of amor-
phous silicate core-organic refractory mantle particles.

Fig. 3 and Fig. 5 show that both the amorphous silicate
model and the crystalline silicate model provide a satisfactory
fit to the general spectra from the NIR to the FIR/millimeter.
But neither of the two models is able to fully account for the
silicate features in detail: the amorphous silicate model predicts
a smooth feature which matches the observation quite well but
fails to give the 11.2µm structure; while the crystalline silicate
model provides a good match to the 11.2µm structure but re-
sults in a deficiency in the blue wavelength wing. This leads us
to a model which consists of of two independent components:
amorphous silicate core-organic refractory mantle aggregates
and crystalline silicate aggregates as discussed in Sect. 2.1. For
calculating the spectral energy distribution, we combine the re-
sults of the amorphous silicate model and the crystalline sili-
cate model. The results of the combination of these two com-
ponents are presented in Fig. 6A, Fig. 6B and Fig. 6C for sev-

eral silicate mass ratios of the crystalline silicate model to the
amorphous silicate model, f = Mcrystalline/Mamorphous =
0.20, 0.30, 0.40, respectively. The fits to the observations are
indeed improved. The best fitting model, f = 0.30, as illus-
trated in Fig. 6Bb, implies that ∼ 30% of the silicates in the
disk have been converted into the crystalline phase. It is obvi-
ous that very large particles are cold and thus are not crystallized
as efficiently as small particles. It is likely that the crystalline
silicate aggregates distributed in the disk constitute only of those
in the low mass part of the size distribution. Crystalline silicates
are needed only to produce the 11.2µm feature and possibly the
MIR bands with the FIR/millimeter emission dominated by the
amorphous silicate aggregates. This will not affect the model fit
of the MIR and FIR spectra since both the crystalline silicate
model and the amorphous silicate model show a very similar
behavior in the MIR and FIR. In other words the above derived
mass fraction need only be valid in the inner components of the
disk, so that only about 1% of the total silicates are required to
be converted into the crystalline phase.

To check the accuracy of using simply the Planck function
to represent the photospheric spectrum of β Pictoris, we have
carried out a set of model calculations, adopting the fluxes of
a Kurucz (1979) model with Teff = 8200 K, log g = 4.25 (Crifo
et al. 1997) and solar abundances. We found that the resulting
grain temperatures are almost identical to those derived from
the Planck function assumption (within 0.8%). Actually, the
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Fig. 10B. Same as Fig. 10A but for the crystalline
silicate model.
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Fig. 10C. The mass (size) distributions of the dust grains which provide
the spectral energy distributions shown in Fig. 10A and Fig. 10B.

Planck function closely resembles the Kurucz model spectrum
down to λ ≥ 0.15µm. A significant discrepancy occurs at λ <
0.15µm, where the Planck function is higher than the Kurucz
model flux, but the heating contributed by photons in that range
is negligible. Thus we conclude that, for the purpose of this work
(with emphasis on the spectral energy distribution modeling),
the Planck function assumption is sufficiently precise.

5. Discussion

In this section we shall first explore the model parameter space
with emphasis on the porosity and the grain density distribu-
tion. We then investigate the possible influences of different
crystalline silicate minerals on the 10µm and the MIR emis-
sion bands followed by a discussion of the gas species produced
from the sublimation of the volatile components in the comet
nucleus. After that a brief note on the possible astrophysical
implications will be given.

5.1. The porosity

Starting with compact particles and adjusting the grain size
distribution, it was easy to show that it is not possible to re-
produce both the silicate feature and the MIR, FIR/millimeter
emission at the same time: either the particles are too cold to
give any silicate excess emission or there are too few cold par-
ticles to produce sufficient MIR, FIR/millimeter emission. We
have initially tried to fit the observations using low porosity
(P< 0.975) aggregates. We then considered fluffy particles
with various porosities. For illustration, we present our model
calculations for P = 0.85, P = 0.90 and P = 0.95 in Fig. 7, Fig. 8
and Fig. 9 respectively. Fig. 7A and Fig. 7B show the theoreti-
cal spectra predicted using P = 0.85 for the amorphous silicate
model and the crystalline silicate model respectively. All the
dust parameters derived for the P = 0.975 model (see Sect. 4)
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Fig. 11A. Same as Fig. 10A but for the grain vol-
ume number density falling off as
∝ r−1.8, r ∈ [rinner, r1]; ∝ r−1.8, r ∈ [r1, r2];
and ∝ r−2.7, r ∈ [r2, router] (see the text of
Sect. 5.2). The grain mass distributions are shown
in Fig. 11C.

are unchanged except that the dust size distributions have been
adjusted to provide the best fit to the observations. It can be
seen from Fig. 7A and Fig. 7B that the P = 0.85 model gives a
too shallow silicate feature and too little MIR emission. For the
crystalline silicate model, the 11.2µm feature shifts to a longer
wavelength than observed. In Fig. 8A and Fig. 8B we present
the model results for P = 0.90. The silicate feature is still too
shallow compared to the observations. The model calculations
are also deficient in the MIR. Thus both P = 0.85 and P = 0.90
aggregates are unacceptable.

It turns out that the P = 0.95 model provides a successful fit
to both the overall spectral energy distribution and the silicate
feature as good as or even a bit better than the P = 0.975 model.
The model results for the amorphous silicate model, the crys-
talline silicate model, and the combination of both components
are shown in Fig. 9A, Fig. 9B and Fig. 9C respectively. Fig. 9C
implies that with∼ 30% of the silicates in the crystalline phase
the fine structures of the silicate emission can be reproduced. In
this model all the dust parameters are identical to those of the
P = 0.975 model (see Sect. 4) except, of course, for the porosity
and the grain mass distributions which are plotted in Fig. 9D.
As normalized, this is very similar to Fig. 2. The total dust mass
required by this model, as listed in Table 1, is more than that of
the P = 0.975 model, since for the higher porosity the particles
are more absorbing and also emit more efficiently.

Based on Sect. 4 and the above discussion, one concludes
that the dust grains in the disk of β Pictoris must be highly fluffy
with a porosity around 0.95 or possibly as high as 0.975. It is
noteworthy that compact dust particles with a size distribution
of comet Halley dust also failed to produce an 11.2µm structure
(Mukai & Koike 1990).

5.2. The grain density distribution

As shown in Sect. 4, the observations are successfully repro-
duced by a model with a power law grain spatial density distribu-
tion n(r) ∝ r−2.7 along the entire disk (r ∈ [rinner, router]).
We have also carried out calculations with different density dis-
tributions; i.e., different values for β (n(r) ∝ r−β). Although
the model with a porosity P = 0.95 is as good as the one with
P = 0.975 (see Sect. 5.1), we limit ourselves here for simplicity to
the porosity P = 0.975. Following Artymowicz et al. (1989), we
setβ at 2.7 for the outer region of the disk (r ∈ [r2, router]). We
found that it is possible to obtain a good match to the observation
with other power laws by adjusting the grain mass distributions.
In other words these two functions are coupled. Fig. 10A and
Fig. 10B show that the observations are well fitted by a model
with a grain density distribution of β = 1.8, r ∈ [rinner, r1];
β = 2.7, r ∈ [r1, r2]; and β = 2.7, r ∈ [r2, router]. Fig. 10C
presents the corresponding grain mass distributions. A model
with β = 1.8, r ∈ [rinner, r1]; β = 1.8, r ∈ [r1, r2]; and
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Fig. 11B. Same as Fig. 11A but for the crystalline
silicate model.

β = 2.7, r ∈ [r2, router] is also able to match the observation
as illustrated in Fig. 11A and Fig. 11B if the grain mass dis-
tributions are as plotted in Fig. 11C. Note that another model,
with β = 2.0, r ∈ [rinner, r1]; β = 2.0, r ∈ [r1, r2]; and
β = 2.7, r ∈ [r2, router] is also satisfactory (not shown here)
with appropriate grain size distributions. The corresponding to-
tal dust masses required by these models are summarized in
Table 1. We have to conclude that the grain density distribution
is less well constrained than other parameters. However, the to-
tal dust mass (the combination of the grain density distribution
together with the dust size distribution) is relatively well con-
strained (∼ 2 × 1027 g for all models, see Table 1). We also
found that the grain density distribution in the inner component
(r ∈ [rinner, r1]) cannot be too flat, otherwise there will not
be enough hot particles to provide the the silicate emission; for
example, for β = 1.5, the predicted silicate feature shifts to
longer wavelengths and is also a bit lower than observed in the
blue wavelength wing.

As shown by Lecavelier des Etangs et al. (1996), the model
in terms of the evaporation of comet-like bodies is rather suc-
cessful in accounting for the overall characteristics of the disk
such as the asymmetry, the slope change of the scattered light
profile, and the “wedge-like” shape, although they did not con-
sider the details of the comet dust properties. From their work
one can also see that the dust size distribution and the dust spa-
tial distribution are coupled. Although we did not calculate the

-15 -10 -5
-5

0

5

10

15

Fig. 11C. The mass (size) distributions of the dust grains which provide
the spectral energy distributions shown in Fig. 11A and Fig. 11B.

scattered light distribution, we expect that our model would nat-
urally predict the slope changes at ∼ 100 AU and at ∼ 40 AU
due to the spatial variation of the dust size distribution (see
Fig. 2, Fig. 9D, Fig. 10C and Fig. 11C).

Up to now, all discussions were made on the basis of the pre-
vious β Pictoris distance (D = 16.6 pc). When the new distance
D
′

(≈ 19.28 pc) is adopted, all the previous geometrical dimen-
sions (r, rinner, r1, r2, router) must be multiplied by a factor of
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Fig. 12. The 10µm silicate feature and the
MIR emission band predicted from the crys-
talline silicate model in which the crys-
talline silicate mineral is: 1a, 1b crystalline
olivine; 2a, 2b crystalline orthopyroxene;
3a, 3b crystalline clinopyroxene. All the
other dust parameters are identical to those
of Fig. 5.

D
′
/D (≈ 1.16) so that the dilution factor ω stays the same, and

from Eq. 1 we can see that the radial (r×1.16) temperature dis-
tribution remains unchanged, thus the resulting spectral energy
distribution and the silicate emission features do not change at
all. However, from Eq. 2 we can see that the dust mass should
be increased by a factor of (D

′
/D)2 (≈ 35%). All the other

quantities remain the same.

5.3. The crystalline silicate minerals

Olivine Mg2xFe2(1−x)SiO4 is a mixture of forsterite Mg2SiO4

and fayalite Fe2SiO4 with a mixing proportion x. Laboratory
spectra of crystalline olivine with different forsterite content
obtained by Koike et al. (1993) indicate that the infrared spectral
features (both the strength and the peak wavelength) are slightly
influenced by the magnesium/iron ratio. Generally, as the iron
content increases, the spectral features become stronger and the
peak positions shift to longer wavelengths. The optical constants
of crystalline silicate adopted in this work are based on the
experimental data of (Mg0.9Fe0.1)2SiO4 (Mukai & Koike 1990).
If the real crystalline silicate materials in the β Pictoris disk are

richer in iron then one may expect that the 11.2µm feature may
be stronger than those predicted by the preceding models (e.g.,
see Fig. 7A, B, C) and it could improve our model fits to the
observations. However, at this point we cannot say too much
about the exact magnesium/iron ratio in the olivine since the
spectral resolution of the observational data is not high enough,
and there are no spectroscopic data in the MIR range which are
also indicative of the magnesium/iron ratio.

So far the crystalline silicates have been confined to olivine.
It is also of interest to consider crystalline pyroxene. We have
tried to fit the observations using orthopyroxene and clinopyrox-
ene. The optical constants of orthopyroxene and clinopyroxene
are based on the latest experimental data of Koike & Suto (1996).
The silicate feature and the MIR spectra provided by the best fit-
ting models are plotted in Fig. 12. For comparison, those of the
crystalline olivine model are also plotted in Fig. 12 (cf. Fig. 5;
see Sect. 4). It can be seen from Fig. 12 that the orthopyroxene
materials show no peak at 11.2µm (Fig. 12-2a) and the model
results in the blue wavelength wing being a bit too high relative
to the observations. The clinopyroxene model provides a good
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match to the overall silicate spectra (plus the 11.2µm) except
the predicted results are also a bit higher than the observations
in the blue wavelength wing. The differences of the MIR spectra
between the crystalline olivine, orthopyroxene and clinopyrox-
ene are also apparent. The peaks are different both in position
and in strength: for orthopyroxene the spectra peak at 28.5, 36.2,
44.0µm (Fig. 12-2b); for clinopyroxene the peaks are at 29.5,
32.3, 33.7, 39.9µm (Fig. 12-3b); and for olivine at 16.3, 18.6,
23.0, 28.0, 33.6µm (Fig. 12-1b). Insofar as the 11.2µm feature
is concerned, the crystalline olivine is the most promising can-
didate. However, at this point we cannot rule out clinopyroxene
as a possible candidate. High resolution spectroscopic obser-
vations in both the 10µm region (including 11.2µm) and the
MIR should help to constrain the identification of the specific
crystalline silicate minerals.

5.4. Comets as a source for the gas species in the β Pictoris disk

In the comet nucleus, the volatile components, accounting
for about half of the total nucleus mass, lie in the ice man-
tles coated on the refractory components – the silicate core-
organic refractory mantle dust particles (Greenberg 1998). As
a comet approaches the central star in the β Pictoris disk,
the volatiles sublimate due to the stellar insolation. If we as-
sume a black-body temperature for the comet nucleus surface,
TBB(r) ≈ 458× r−1/2 K where r is the distance (in AU) of the
comet from the central star, and adopt the sublimation temper-
atures listed in Crovisier (1997), we can qualitatively estimate
that H2O starts to sublimate at r' 9 AU, CH3OH at r' 20 AU,
NH3 at r' 35 AU, CO2 at r' 40 AU, H2CO at r' 50 AU, CO
at r' 360 AU. Note that these sublimation distances should not
be considered as critical since the employed sublimation tem-
peratures are for pure molecules, while the ice mantles as a mix-
ture of various volatile molecules could behave in a much more
complicated way (Crovisier 1997). In addition to the volatile
molecules released directly from the nucleus, the evaporation of
the organic refractory mantles may also contribute to the simple
molecules such as CO, H2CO, CN, C2, C3 etc. In comet Halley,
the distributed CO, H2CO molecules and the CN, C2, C3 jets
are indeed of dust origin (Greenberg & Li 1997 and references
therein). Since the organic mantles evaporate only in the inner-
most region (say, r≤ 10 AU, see Fig. 1) where the dust grains
are hot enough, due to the strong stellar UV radiation field, the
molecules will photodissociate in a very short time scale (< 1
month for H2O, < 1 year for CO). Even in the outer region, for
example, at r = 100 AU, the photodissociation time scale is only
about 6 years for H2O and about 100 years for CO. Note that
the H2O molecules at such distances are not directly from the
nucleus but from the sublimation of the icy dust grain mantles
driven off by the molecules more volatile than H2O. The CO gas
molecules have been detected in the β Pictoris disk as a stable
component both in UV (Vidal-Madjar et al. 1994; Jolly et al.
1998) and in submillimeter (Dent et al. 1995). Because of the
short lifetime of CO molecules in the disk, they should also be
continually replenished by comets as already noted in earlier

works (Vidal-Madjar et al. 1994; Dent et al. 1995; Lecavelier
des Etangs et al. 1996; Jolly et al. 1997).

If one really wants to push us to estimate the total CO mass
predicted by our model, we can say that, the dust mass within the
region r≤ 100 AU indicates ≈ 6 × 1023 g for CO, according
to the arguments of Lecavelier des Etangs et al. (1996, see their
Eq. 12; see also Jolly et al. 1997), in agreement with the HST-
GHRS detection (≈ 5 × 1023 g; see Jolly et al. 1997).

5.5. The astrophysical implications

Amorphous silicates which exhibit broad, structureless 10µm
and 20µm spectral features are ubiquitous in interstellar and
circumstellar environments. Although crystalline silicates are
not as common as amorphous silicates, observations do in-
dicate the presence of crystalline silicates in various objects:
comets (see Hanner et al. 1994 for a summary), Herbig Ae/Be
stars (Waelkens et al. 1996), Vega-type stars (Knacke et al.
1993; Fajardo-Acosta 1996; Waelkens et al. 1996) and evolved
oxygen-rich stars (Waters et al. 1996). Beta Pictoris may not
be the only case which is characteristic of cometary particles.
Indeed, the silicate feature of 51 Oph, which is also a Vega-type
star, is very similar to that of β Pictoris and thus resembles those
of comets (Fajardo-Acosta 1996). The fact that the gaseous CaII,
CI and OI absorption lines of 51 Oph are similar to that of β
Pictoris also implies the presence of infalling comet-like bodies
(Lagrange et al. 1990; Grady et al. 1997). Recent ISO observa-
tions of the spectacular comet Hale-Bopp (Crovisier et al. 1997)
have revealed a close similarity of the 6 – 45µm crystalline sili-
cate features of Hale-Bopp with those of HD 100546 (Waelkens
et al. 1996), an intermediate star between Herbig Ae/Be stars
and Vega-type stars in terms of age, while the ground-based
observation made by Hayward & Hanner (1997) showed that
the 8 – 13µm spectrum of Hale-Bopp resembles those of other
comets which exhibits both amorphous and crystalline silicate
features. Similar to our model for β Pictoris, cometary objects
have been proposed as a dust source for other systems (Harper et
al. 1984; Matese et al. 1987; Grady et al. 1997). How universal
this proposal is for the dusty disks of young stars and Vega-type
stars awaits further study.

6. Conclusions

We have developed a model for the dust in the β Pictoris disk.
The basic idea is that the dust in the disk plane is continually
replenished by comets orbiting the star where the dust may be
quickly swept out by radiation pressure or spiral onto the star as
a result of Poynting-Robertson drag. We assume that the initial
dust consists of fluffy aggregates of interstellar amorphous sili-
cate core-organic refractory mantle tenth micron particles with
an additional water dominated ice mantle in the outer region of
the disk. When comets come close to the star, some dust aggre-
gates are heated sufficiently to sublimate or evaporate not only
the ice but the organic refractory mantle as well and may even
crystallize the amorphous silicate so that there will be a new kind
of dust – porous aggregates of crystalline silicates (no organic
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mantle) in the disk. Exposed to the strong radiation pressure,
both the initial aggregates of core-mantle dust and the new ones
– aggregates of crystalline silicates – would be distributed over
the entire disk plane. The inner boundary of the disk has been
constrained to be ∼ 1 AU while the outer boundary extends to
> 2000 AU. The disk is divided into three regions in which the
dust populations are responsible for the silicate emission, the
mid-infrared emission, and the far infrared/millimeter emission
respectively: r ∈ [1, 40], r ∈ [40, 100], r ∈ [100, 2200]. The
presence of ice mantles only occurs in the outer region of the
disk (r ∈ [100, 2200]). The grain size distribution is initially
assumed to be like that observed for comet Halley dust while the
evaporation and/or fragmentation of large particles in the inner
components of the disk are assumed to lead to the enhancement
of the distribution of small particles. The dust grains are very
porous with a fluffiness or porosity around 0.95 or possibly as
high as 0.975. Based on such a dust model, the predicted spec-
tral energy distribution reproduces the observations (both the
structured silicate feature and the continuum from near infrared
to millimeter) very well. The total dust mass of the disk is esti-
mated to be ∼ 2× 1027 g with only 10−5 – 10−4 of this in the
inner component of the disk. This small fraction is hot enough
to produce the silicate emission. If the newly determined β Pic-
toris distance 19.28 pc (rather than 16.6 pc) is adopted, with all
the geometrical dimensions (r) multiplied by≈ 1.16, our model
results will not change at all, except the resulting dust masses
should increase ≈ 35%. The crystalline silicate minerals have
been discussed with a prediction of what may be possible to
observe in the mid-infrared. The crystalline olivine may be the
most promising candidate but the exact magnesium/iron ratio is
not yet certain. Another silicate, clinopyroxene, cannot be ruled
out at this point. The evaporation of the relatively more volatile
ice mantles and the organic refractory mantles accounts for the
gas species in the disk such as H2O, CO, H2CO etc.
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