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 空隙率
過去の研究はcompactダスト
を仮定

実際は合体成長の過程で
porousな成長をする

空隙率の影響

沈殿速度が低下

成長率の変化
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FIG. 4.— Projection of three-dimensional BCCA(left), QBCCA(ε ≡ N2/N1 = 0.048; center), and BPCA(right) clusters obtained from our numerical experi-
ments. Here a∗, aA, and ac denote the compact (mass-equivalent), area-equivalent, and characteristic radii, respectively. The grey circles represent sphere of
radius ac centered on the center of mass.

FIG. 5.— (a) The evolution of the characteristic radius ac of BCCA clusters as functions of the number of constituent monomers N. The grey curves indicate
10 examples of N-body calculation, and the average over 105 runs is shown by the black curve. (b) The solid curves show the averages of ac(N) for BCCA (top)
and BPCA (bottom) limits. The averages for QBCCA models of different mass ratios ε = N2/N1 are indicated by the dashed curves.

for the power-law limit. χBPCA is independent of Vc,1 and
Vc,2. Equation (36) is valid as long as N ! 30, or Vc,1 !
(30/1 − PBPCA)V0 ≈ 240V0. It might be surprising that vol-
ume χBPCAV0 of the void created by a single particle is seven
times larger than the particle itself. This fact suggests how
BPCA clusters are sparsely packed compared with more fa-
miliar (e.g, lattice-like) clusters.

4.2.3. Quasi-BCCA (QBCCA)

QBCCA is defined as a sequence of successive collisions
between two clusters with a fixed mass ratio ε (< 1). It is clear
that BCCA corresponds to QBCCA of ε = 1. It is also true that
BPCA asymptotically approaches to QBCCA of ε→ 0 in the
limit of N1 →∞. Therefore, this type of aggregation can be
considered as a model between the BCCA and BPCA limits.

We here describe the general procedure of QBCCA. Let us
refer to the larger cluster as the “target,” and to the smaller
one as the “projectile”. A target is always chosen to be the
outcome of the latest collision. A projectile is chosen from the
outcomes of previous collisions so that the mass ratio between

the target and the projectile becomes the closest to ε. Note that
this procedure is identical to that of BPCA when N1 ≤ 1.5/ε,
since the projectile is then always a monomer. In order to
obtain a “truly” QBCCA cluster, one needs to repeat the above
procedure until the cluster grows beyond N ≈ 1/ε.

Figure 3 illustrates an example of QBCCA in the case of
ε = 0.6. The first step is the collision between two monomers,
as is for any ε. The second collision is between the resultant
dimer (N1 = 2) and a monomer (N2 = 1), since N2 = 1 is nearer
to N1ε = 1.2 than N2 = 2. The third collision is between the
resultant trimer (N1 = 3) and a dimer (N2 = 2), since N2 = 2 is
the nearest to N1ε = 1.8 among N2 =1, 2 and 3.

In the N-body experiments, we have chosen eight values
of ε from the range 0.005 ≤ ε < 1.0. For each value of ε
we have simulated 100–2000 growth sequences and obtained
an averaged ac–N relation. Figure 5b shows two examples
of the averaged relations (ε = 0.05 and 0.005). The averaged
relations roughly obey a power low

ac ∝ N1/DQBCCA(ε), (37)

   

ガスの抵抗力

    ∝(ダスト断面積)

重力

   ∝(ダスト質量)

沈殿速度

compact porous

本研究では、空隙率が円盤内
ダスト進化に及ぼす影響を調べる
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 空隙率モデル (Okuzumi + 09)

BCCA(D≈2), BPCA(D≈3)の2極限で
は良く知られていた

Quasi-BCCA (Okuzumi + 09)

衝突するダストの質量(体積)比に
応じて空隙率が進化
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Figure 3. Schematic description of various types of dust aggregation ((a) BCCA,
(b) BPCA, (c) quasi-BCCA (QBCCA) for ε ≡ N2/N1 = 0.6). The filled circles
represent particles newly added to the aggregate at each step.

Section 4.4, we describe how the aerodynamical and collisional
cross sections of a porous aggregate are determined in our
model.

4.1. The Characteristic Radius and Volume

Since a porous aggregate is generally irregular, the concept
of its “volume,” or “radius,” is somewhat ambiguous. A useful
definition for the radius is the gyration radius

ag ≡

√√√√ 1
N

N∑

k=1

(xk − X)2, (28)

where xk (k = 1, 2, . . . , N) are the coordinates of constituent
monomer and X = N−1 ∑

k xk is the coordinate of the center
of mass. Another definition is the characteristic radius (Mukai

et al. 1992)

ac ≡
√

5
3
ag =

√√√√ 5
3N

N∑

k=1

(xk − X)2. (29)

Using ac, we can define the characteristic volume

Vc = 4π

3
a3

c . (30)

The characteristic radius has a property that it reduces to the
physical radius for a homogeneous sphere (Mukai et al. 1992). In
our model, we regard ac and Vc as the “radius” and “volume” of a
porous aggregate.4 Note that the collision model of OST07 uses
the area-equivalent volume VA (Equation (21)) and its associated
radius aA (Equation (26)).

Figure 4 shows three samples of N-body clusters created in
our numerical experiments together with their “radii” measured
in different ways.5 Each of the samples is composed of ≈103

monomers, and hence has the compact (mass-equivalent) radius
of a∗ = N1/3a0 ≈ 10a0. The large circles in this figure represent
the characteristic volume Vc of these samples. We see that ac well
approximates the maximum distance from the center of mass to
constituent monomers, but aA does not. This fact motivates us to
define the collisional cross section using ac rather than aA (see
Section 4.4.2).

4.2. Porosity Evolution in Various Types of Aggregation

Here, we summarize our N-body experiments on three dif-
ferent types of aggregation (BCCA, BPCA, and QBCCA) and
derive the volume factor χ for each of the aggregation models.

4.2.1. BCCA

BCCA is defined as a sequence of successive collisions
between identical clusters (see Figure 3(a)). In the N-body
experiments, we have simulated 105 growth sequences of
BCCA. At each collisional step, we have randomly determined
the impact parameter as well as the relative orientation of
colliding aggregates, and followed the ballistic trajectory until

4 For monomers (N = 1), we simply set ac = a0 and Vc = V0.
5 In this paper, the projected area A of a cluster is calculated as the average
over 15 randomly chosen orientations.

Figure 4. Projection of three-dimensional BCCA (left), QBCCA (ε ≡ N2/N1 = 0.048; center), and BPCA (right) clusters obtained from our numerical experiments.
Here a∗, aA, and ac denote the compact (mass equivalent), area equivalent, and characteristic radii, respectively. The gray circles represent sphere of radius ac centered
on the center of mass.

合体成長するダストの質量-体積 関係のモデル
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FIG. 4.— Projection of three-dimensional BCCA(left), QBCCA(ε ≡ N2/N1 = 0.048; center), and BPCA(right) clusters obtained from our numerical experi-
ments. Here a∗, aA, and ac denote the compact (mass-equivalent), area-equivalent, and characteristic radii, respectively. The grey circles represent sphere of
radius ac centered on the center of mass.

FIG. 5.— (a) The evolution of the characteristic radius ac of BCCA clusters as functions of the number of constituent monomers N. The grey curves indicate
10 examples of N-body calculation, and the average over 105 runs is shown by the black curve. (b) The solid curves show the averages of ac(N) for BCCA (top)
and BPCA (bottom) limits. The averages for QBCCA models of different mass ratios ε = N2/N1 are indicated by the dashed curves.

for the power-law limit. χBPCA is independent of Vc,1 and
Vc,2. Equation (36) is valid as long as N ! 30, or Vc,1 !
(30/1 − PBPCA)V0 ≈ 240V0. It might be surprising that vol-
ume χBPCAV0 of the void created by a single particle is seven
times larger than the particle itself. This fact suggests how
BPCA clusters are sparsely packed compared with more fa-
miliar (e.g, lattice-like) clusters.

4.2.3. Quasi-BCCA (QBCCA)

QBCCA is defined as a sequence of successive collisions
between two clusters with a fixed mass ratio ε (< 1). It is clear
that BCCA corresponds to QBCCA of ε = 1. It is also true that
BPCA asymptotically approaches to QBCCA of ε→ 0 in the
limit of N1 →∞. Therefore, this type of aggregation can be
considered as a model between the BCCA and BPCA limits.

We here describe the general procedure of QBCCA. Let us
refer to the larger cluster as the “target,” and to the smaller
one as the “projectile”. A target is always chosen to be the
outcome of the latest collision. A projectile is chosen from the
outcomes of previous collisions so that the mass ratio between

the target and the projectile becomes the closest to ε. Note that
this procedure is identical to that of BPCA when N1 ≤ 1.5/ε,
since the projectile is then always a monomer. In order to
obtain a “truly” QBCCA cluster, one needs to repeat the above
procedure until the cluster grows beyond N ≈ 1/ε.

Figure 3 illustrates an example of QBCCA in the case of
ε = 0.6. The first step is the collision between two monomers,
as is for any ε. The second collision is between the resultant
dimer (N1 = 2) and a monomer (N2 = 1), since N2 = 1 is nearer
to N1ε = 1.2 than N2 = 2. The third collision is between the
resultant trimer (N1 = 3) and a dimer (N2 = 2), since N2 = 2 is
the nearest to N1ε = 1.8 among N2 =1, 2 and 3.

In the N-body experiments, we have chosen eight values
of ε from the range 0.005 ≤ ε < 1.0. For each value of ε
we have simulated 100–2000 growth sequences and obtained
an averaged ac–N relation. Figure 5b shows two examples
of the averaged relations (ε = 0.05 and 0.005). The averaged
relations roughly obey a power low

ac ∝ N1/DQBCCA(ε), (37)
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Table 1
Properties of Rain-out Particles (1AU models)

Model aA (cm) aA/a∗
Smol+VA MC Smol+VA MC

αT = 10−4, porous 1.9 2.1 ± 0.1 4.4 4.4
αT = 10−4, compact 0.022 0.024 1 1
αT = 10−2, porous 7.6 7.8 ± 0.7 1.5 1.6 ± 0.1
αT = 10−6, porous 0.019 0.021 4.4 4.4

3.4. Merits and Drawbacks of the Extended Smoluchowski
Method

In closing this section, we point out some advantages and
disadvantages of our extended Smoluchowski method over the
previous Monte Carlo methods.

The most remarkable advantage of the extended
Smoluchowski method is the efficiency in numerical calcula-
tions. The CPU time required for our method to perform each of
the above simulations is approximately one minute on a 3GHz
CPU. In contrast, Zsom & Dullemond (2008) reported that their
Monte Carlo method required 10 minutes for the same simula-
tion (the calculation of OST07 is less efficient than this since
they did not use a grouping algorithm as done by Zsom &
Dullemond (2008) and Ormel & Spaans (2008)). This means
that our method is at least an order of magnitude more effi-
cient than the Monte Carlo methods. The high efficiency of our
method is attributed to the volume-averaging approximation we
introduced in Section 2.2.

Another advantage is that we can use any numerical scheme
having developed for the conventional Smoluchowski equation.
For example, one can further accelerate our method just using
an implicit time integration developed by Brauer et al. (2008).
The implicit integration is particularly useful when one tries
to include the fragmentation of aggregates that can make the
problem extremely stiff in time (Brauer et al. 2008; Birnstiel
et al. 2009). By contrast, the implicit integration is inapplicable
to Monte Carlo methods.

There are two main drawbacks in our method. First, our
method cannot be used to a problem in which the volume-
averaging approximation is invalid. For example, the volume-
averaging approximation will break down if a coagulation prob-
lem to be solved involves the fragmentation of aggregates and
if the fragments obey broad and flat porosity distribution for
each fragment mass. For this case, we recommend improved
Monte Carlo methods by Ormel & Spaans (2008) and Zsom
& Dullemond (2008). Second, our Smoluchowski method is
inapplicable to studying “runaway” growth in which the dis-
creteness of the number density becomes important (Wetherill
1990). Runaway growth will be well studied by the Monte Carlo
code of Ormel & Spaans (2008), which can, in principle, deal
with a single aggregate.

4. A NEW HIT-AND-STICK COLLISION MODEL

The collision model of OST07 is only based on the knowledge
of the porosity evolution in the BCCA and BPCA limits. This
means that there are no empirical supports that validate their
model for general types of aggregation. In this section, we
present a new collision model based on N-body simulations
for more general types of aggregation.

As a first step toward a comprehensive model, the present
study focuses on “hit-and-stick” collisions, i.e., collisions in-
volving neither compression nor fragmentation. The hit-and-

stick approximation is valid when the collision energy E
is smaller than the rolling-friction energy Eroll (Dominik &
Tielens 1997; see also Section 3.1). Assuming head-on col-
lisions between equal-sized icy aggregates (made of 0.1 µm
monomers) at 5AU in a laminar MMSN, for instance,
the compression and fragmentation is safely neglected un-
til the monomer number of the aggregates becomes ∼1011,
or the porous size becomes ∼cm (Suyama et al. 2008). Model-
ing of porosity changes as the compression and fragmentation
requires N-body simulations that take into account the surface
interaction between constituent particles, as recently done by
several authors (Wada et al. 2007, 2008, 2009; Suyama et al.
2008; Paszun & Dominik 2009). At the present, this kind of sim-
ulations have been only performed for limited types of collisions
(e.g., equal-sized, head-on, or low-mass collisions), and we thus
have no sufficient empirical data on how the compression and
fragmentation affects the porosity of resultant aggregates for
more general cases. For this reason, we defer the construction
of the porosity change formula beyond the hit-and-stick regime
to the future work. We also neglect the rotation of aggregates
during their collision for simplicity. The rotation could make
the collisional outcome less compact (Krause & Blum 2004;
Paszun & Dominik 2006).

The main goal of this section is to provide a reliable recipe
for determining the porosity change of aggregates upon general
hit-and-stick collisions. As in the previous sections, the porosity
change due to a single collision are represented by the volume
of the resultant aggregate, V1+2. Without loss of generality, we
may rewrite this in the form

V1+2 = V1 + (1 + χ )V2, (27)

where V1 and V2(<V1) are the volumes of the collided aggre-
gates, and χ is a dimensionless factor depending on the prop-
erties of the aggregates. Since χ vanishes for the ideal compact
aggregation, we can think of χV2 as the volume of the “voids”
newly created in the resultant aggregate. For this reason, we
may regard χ as the void factor. As we see later, the void factor
χ is constant in the BCCA and BPCA limits, suggesting that χ
rather than V1+2 is a “good” variable that describes the poros-
ity change due to a general hit-and-stick collision. Our task is
thus to present an empirical formula for the void factor χ in the
hit-and-stick regime.

It is essential to prepare reliable empirical data on which
the porosity change formula is to be built. For this purpose,
we have performed numerical experiments on various types of
collisional aggregation. Although classical BCCA and BPCA
are useful aggregation models, these are just the two limiting
cases of general hit-and-stick collisions. In order to bridge
the gap between the two opposite limits, we introduce a new
aggregation model: quasi-BCCA (QBCCA). We define QBCCA
as a sequence of ballistic collisions between two clusters with
a fixed mass ratio ε ≡ M2/M1(<1). Figure 3 schematically
illustrates the QBCCA model as well as classical BCCA
and BPCA. In the following subsections, we describe these
aggregation models in more detail.

Here, we outline how we construct the collision model in
this section. In Section 4.1, we introduce how the “volume”
of a porous aggregate is defined in our model. In Section 4.2,
we show the results of our N-body simulations to see how the
volume of an aggregate evolves in BCCA, BPCA, and QBCCA.
In Section 4.3, we synthesize these N-body results to obtain
a single empirical formula that approximately determines the
value of χ for a general hit-and-stick collision. Finally, in

本研究ではQBCCA modelを用いて
円盤内ダストの空隙率進化を計算
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 計算モデル
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 計算設定
最小質量太陽系円盤の地球軌道

モノマー数を50グリッド、空間(z方
向)10グリッドに設定

ガスは静止, z方向一様分布

初期ダスト:質量がガスの0.01倍、コンパ
クトな1μmダストのみ

高さ方向沈殿を考慮(QBCCAモデルで初
めて)

中心星

赤道面

9
沈殿が起こるかどうかに着目して計算

1AU
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 結果：質量密度分布
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議論 : フラクタル次元
 (質量) ∝ (半径)D

沈殿速度

本結果はほぼD≈2

沈殿速度は半径に依存しない

成長しても沈殿速度が小さく、ダス
ト間の速度差も小さい

12

ガスの抵抗力

(Epstein drag)∝r2

重力∝rD

ダスト沈殿にはフラクタル次元が
重要なパラメータ

D=3

t=500yr での内部質量密度 

2 THE AUTHOR

(14) vsett =
4Ω2

Kz

3ρgasvth

m

σaero
,

(15) vsett =
4Ω2

Kz

3vth

m

σaero

√
2πH

Σ
exp(

z2

2H2
)

(16) χBCCA = 0.99

(17) χBPCA = 6.94

(18) χ = f(
V1

V2
)

(19) vsett =
3Ω2

Kz

4ρgasvth

m

σaero
∝ rD−2

2010年9月5日日曜日



10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
0

10
1

10
2

10
3

10
4

o
p

ti
c
a

l 
th

ic
k
n

e
s
s

wavelength (micron)

0 year
250 year
500 year

 議論：光学的厚さ
計算手法

光学的厚さを高さ方向積分

組成はシリケイトを仮定

MG-Mie理論を採用

結果

compactではシリケイトの特徴的
構造がダスト成長とともになく
なる

porousでは合体成長してもほと
んど形が変わらない
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 観測との比較 (Lommen+ 2010)

観測 : 5つの星形成領域中の円
盤からのダスト放射を解析

一般的に、ダストが成長す
るにつれ10 μm Silicate 
featureが小さくなりミリ波
のSEDの傾きが緩やかになる

14

10 Dave J. P. Lommen et al.: Correlating µm and mm observations in YSOs

Fig. 3. The mm slope as measured between 1 and 3 mm as a
function of the strength of the 10-µm feature. The open sym-
bols are for T Cha (to the left), which does not show any silicate
emission and is not used in the analysis, and for CS Cha, a cir-
cumbinary disc. The dashed line shows a linear fit to all the data.
The dotted line shows a linear fit to the data with RY Tau ex-
cluded. Included are the sources studied in this work, as well as
those from Rodmann et al. (2006), Andrews & Williams (2007),
and Lommen et al. (2007). The cross in the upper left shows
typical uncertainties.

Fig. 4. Same as Fig. 3, with the different sources sorted by
star-forming region: filled circles: Lupus, five-pointed stars:
Chamaeleon, cross: Corona Australis, diamonds: Taurus-Auriga,
and squares: Serpens. The ellipses show the concentrations of
sources located in the Taurus-Auriga star-forming region (lower
left), the Chamaeleon I cloud (top centre), and the Lupus 1 and
Lupus 2 clouds (upper left). The remaining two Lupus sources in
the upper right are an isolated source (RX J1615-.3-3255, right-
most dot) and a source from the Lupus 3 cloud (RY Lup, upper-
most dot). The small symbols designate the single stars and the
large symbols designate multiple systems. The open five-pointed
star to the left is for T Cha, an evolved cold disc which shows
no silicate emission around 10 µm. The open five-pointed star in
the centre is CS Cha, a circumbinary disc.

10-µm feature) to the upper right (steep mm slope and strong
10-µm feature). The sole exception is the source RY Tau, which
lies in the lower right corner. The mm slope and the strength
of the 10-µm feature correlate weakly for the full sample: the
Spearman rank correlation coefficient is 0.50, with a 99.5% con-
fidence level. However, if the point for RY Tau is excluded, the
Spearman rank coefficient becomes 0.66, with a 99.99% confi-
dence level. Note that RY Tau is a peculiar source: it is found
to be a rapidly rotating UX Or-type star powering a microjet
(e.g., Petrov et al. 1999; Agra-Amboage et al. 2009). A possible
explanation for its location in the 10-µm-feature vs mm-slope
diagram is a rather evolved disc in which a recent collision event
produced small grains. This may be similar to the effect recently
observed in EX Lup, in which a significantly more crystalline
10-µm feature was observed after an outburst (Ábrahám et al.
2009). RY Tau will not be included in the further discussion.

Fig. 4 suggests a grouping in the µm-vs-mm diagram ac-
cording to parental cloud, with the sources from the Taurus-
Auriga star-forming region more concentrated in the lower left,
the Lupus sources more to the upper left, and the Chamaeleon
sources more to the centre right. Note that the six Lupus sources
that are on the left part of the diagram (from top to bottom:
IM Lup, Sz 66, Sz 65, RU Lup, GW Lup, and HT Lup) are
all located in the Lupus 1 and Lupus 2 clouds, whereas the re-
maining two Lupus sources are located in Lupus 3 (top-most
source, RY Lup) and off-cloud (RX J1615.3-3255). Larger-
number statistics are needed to confirm this grouping by star-
forming region in the µm-vs-mm diagram.

Kessler-Silacci et al. (2006) found a correlation between the
spectral type of a source and the strength and shape of the 10-µm
silicate feature, brown dwarfs having predominantly flatter and
Herbig-Ae/Be stars having more peaked features. It was found
that this is most likely due to the location of the silicate emis-
sion region: Kessler-Silacci et al. (2007) showed that the radius
of the 10-µm silicate emission zone in the disc goes roughly as
(L∗/L")0.56. Hence, the 10-µm feature probes a radius further
from the star for early-type stars than for late-type stars. In this
context it is interesting to see whether a correlation with spectral
type is found in the 10-µm-feature vs mm-slope diagram (Fig. 5).
The M stars in the sample presented here are concentrated to the
left, the F and G stars to the lower left, and the K stars are found
both in the lower left and in the upper right. Hence, no clear
correlation with spectral type is found here. It is interesting to
note, though, that the F and G sources RY Tau and RY Lup show
up isolated from the other F and G sources. This may indicate
that these sources are indeed different from the other sources in
the sample, justifying the choice not to include RY Tau in the
analysis.

4. Modelling
4.1. Disk model parameters and SEDs

Variations in the strength and shape of the 10-µm feature (e.g.,
Kessler-Silacci et al. 2006) as well as in the (sub)mm slope (e.g.,
Beckwith et al. 1990) can be explained by variations in the dom-
inating grain size in the circumstellar discs, so that one may ex-
pect a correlation between properties of the 10-µm feature and
the mm slope. Such a correlation is found for the sample as
a whole (see previous Section) and this may imply that grain
growth occurs in the whole disc simultaneously, or that grains
grow in the inner disc and the new grain size distribution is very
efficiently spread to the outer disc through radial mixing. Both
processes will have the effect of a shift of dust mass from small

Silicate feature の強さ

mmでの傾き
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10μm Silicate featureは成長が
早すぎるのでcompactモデル
では再現できない
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Fig. 6. Spectral energy distributions (SEDs) for models of a 5 ×
10−3 M# disc with a varying grain size distribution, seen under
an inclination i = 45◦. The minimum grain size is 0.003 µm
for all models, and the maximum grain size varies from 0.1 µm
(black curve) to 1.0 cm in steps of ten (dark blue, light blue,
green, yellow, red). The inset shows a blow-up of the 10-µm
features. Note that the SEDs for amax = 0.1 µm, 1.0 µm, and
10 µm completely overlap in the mm part. The sharp drop in flux
for amax = 100 µm around 2000 µm is due to a drop in opacity
at about λ = 2 × π × amax.

4.2. 10-µm feature vs mm slope

In Fig. 7, we plot the strength of the 10-µm feature vs the mm
slope for different models. The strength of the 10-µm feature
(F10−Fcont)/Fcont is defined as in Furlan et al. (2006) and the mm
slope α is determined between 1.0 and 3.0 mm. The main aim of
this figure is to show the variation of the 10-µm-feature strength
and mm slope with various parameters. While the quantitative
details will depend on the specific dust and disc parameters used,
the qualitative trends found in these figures should be robust.

In each of the panels, the results for different maximum grain
sizes are shown. The size of the triangles is an indication for the
maximum grain size under consideration. A general trend is ob-
served, in the sense that the models with only small grains end up
in the upper right corner of the micron-vs-mm diagram (strong
10-µm feature and steep mm slope), the models which include
grains of mm sizes or larger end up more to the lower left of
the diagram (weak 10-µm feature and shallower mm slope), and
those with grain sizes of up to 10 or 100 µm end up towards the
upper left corner of the diagram (weak 10-µm feature and steep
mm slope). A possible evolutionary sequence, in which the max-
imum grain size in the disc gradually increases, is indicated by
the arrows: first, the 10-µm feature becomes weaker and later,
the mm slope becomes shallower. A test to check whether ra-
dial variation of amax – larger grains closer to the star, where the
densities are higher – did not show any significant difference.

The models show the effect of the temperature and luminos-
ity of the central star. on the strength of the 10-µm feature and
the steepness of the mm slope. The left column shows the re-
sults for a central star with Teff = 3000 K and L = 1 L# and
the right column for Teff = 4000 K and L = 6 L#. In Figs. 7a
and b, the power-law slope of the grain size distribution is var-
ied from m = 2.5 to 3.0, 3.5, and 4.0. It appears that only grain
size distributions with m = 2.5 produce completely flat 10-µm

silicate features as well as mm slopes with α < 2.0, whereas
grain size distributions with m = 4.0 never produce a mm slope
with α < 3.0. Furthermore, the strongest 10-µm features are only
obtained with a central star of 4000 K and L = 6 L#.

In Figs. 7c and d, the power-law slope of the grain size dis-
tribution is fixed to m = 3.5. The disc radius Rout is varied
between 100, 200, and 300 AU. This has a small effect on the
strength of the 10-µm feature, particularly for Teff = 3000 K and
amax = 0.1 µm. This can be understood in the sense that for a
smaller disc with the same dust mass, a larger amount of mass is
closer to the star and thus radiates in the infrared. The mm slope
of the SED is practically unaffected.

Figs. 7e and f show the results for models in which the
power-law slope of the grain size distribution was fixed to m =
3.5, the disc outer radius to Rout = 300 AU, and for which the
inclination i under which the disc is observed is varied. In most
cases, the inclination has a limited effect on both the strength
of the 10-µm feature and the mm slope of the SED. Only under
very high inclination (e.g., 75◦, where 90◦ is edge-on) does the
10-µm feature appear in absorption (not shown). A similar effect
is seen if the discs are more flaring than found in vertical hy-
drostatic equilibrium: the 10-µm feature is primarily weakened,
because of the enhanced extinction under most inclinations.

A second set of models is run to investigate the effects of
dust settling, i.e., the process in which larger grains fall to the
disc midplane under the influence of gravity, while the smaller
grains stay suspended in the disc atmosphere. As mentioned be-
fore, Dullemond & Dominik (2008) found that a bimodal grain
size distribution can explain variations in the strength of the 10-
µm feature, but only under specific circumstances. They looked
at grains that are mainly responsible for the 10-µm feature, in
particular grains of 3 µm and of % 1 µm. To study the effect of
the settling of larger grains, we ran a number of models with up
to six different grain size distributions: grains with sizes between
0.003 and 0.1 µm, between 0.1 and 1 µm, 1 and 10, 10 and 100,
100 and 1000, and finally between 1000 and 10,000 µm. The de-
gree of settling is given by a parameter s, varying between 0.25,
0.50, 0.75, and 1.00, and is chosen to be different for each of
the grain size distributions: the larger the grains, the larger the
degree of settling. For example, if H denotes the self-consistent
scale height, a settling parameter s = 0.75 indicates that:

grains between 0.003 and 0.1 µm are at H;
grains between 0.1 and 1 µm are at 0.75 × H;
grains between 1 and 10 µm are at 0.752 × H;
grains between 10 and 100 µm are at 0.753 × H;
grains between 100 and 1000 µm are at 0.754 × H;
grains between 1000 and 10,000 µm are at 0.755 × H.
Hence, a larger number for s indicates a smaller degree of

settling and s = 1.00 corresponds to no settling (all grains are at
the self-consistent scale height).

These models are run using the radiative transfer code
MCMax (Min et al. 2009). MCMax and RADMC were bench-
marked against the results of Pascucci et al. (2004) and the dif-
ferences in the resulting SEDs are minimal, with in particular
the 10-µm features being practically indistinguishable (see the
Appendix in Min et al. 2009). The results for the settling are
shown in Fig. 8. Note that the strength of the 10-µm feature in-
creases when settling is switched on, but does not increase sig-
nificantly more when the value of s is decreased more (i.e., when
the degree of settling is increased). The slope in the mm part of
the SED is practically unaffected by the degree of settling.

It can be concluded that a variation of the maximum grain
size amax affects both the strength of the 10-µm feature and the
steepness of the mm slope α: a larger maximum grain size yields
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 まとめ
空隙率進化するダストの合体成長・沈殿過程をシミュレー
ションし、地球軌道での計算結果を解析した。

円盤内ダスト進化

compactな場合は500年程度で約1cmに成長し沈殿するのに
対し、QBCCAモデルの場合は成長速度が遅く沈殿もほと
んど起こらない

→ダスト進化にはフラクタル次元が大きな影響を及ぼす

光学的厚さ

compactな場合、光学的厚さは10μmのSilicate featureやミリ
波・サブミリ波での傾きが変化するのに対し、QBCCAモ
デルの場合は光学的厚さはほとんど変化しない。

今後はガス分布や円盤上層部での成長を吟味する必要がある 15
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