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惑星形成の諸段階
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Figure 1. Near-infrared (H band) PI and I images of AB Aur. Left: the HiCIAO PI image with a coronagraphic occulting mask of 0.′′3 diameter. The multiple spiral
structures we refer to as S1 to S8 are identified in the top right inset, of which S7 and S8 are newly found. Right: the CIAO reference PSF-subtracted I image with
a software mask of 1.′′7 diameter (Fukagawa et al. 2004). In contrast to the original image, this image shown here is not divided by the square of the radial distance
from the star. The field of view in both images is 7.′′5 × 7.′′5. The solid circles in the left bottom inset in both images represent the spatial resolution of 0.′′06 and 0.′′1,
respectively.
(A color version of this figure is available in the online journal.)

Table 1
Results of an Ellipse Fita of the Disk Around AB Aurigae

Parameter Outer Ring Ring Gap Inner Ring

Diameter of the major axis (AU) 210.8 ± 2.5 170.2 ± 2.0 92.0 ± 6.8
Diameter of the minor axis (AU) 188.1 ± 2.2 149.1 ± 1.7 67.2 ± 4.2
Position angle of the major axis (◦) 36.6 ± 6.6 36.2 ± 5.2 64.6 ± 8.9
Inclinationb (◦) 26.8 ± 1.9 28.8 ± 1.7 43.1 ± 6.8
Geometric centerc (mas:mas) (121 ± 7:127 ± 8) (92 ± 4:40 ± 7) (54 ± 17:4 ± 13)
Widthd (AU) 29.8 ± 1.3 16.1 ± 1.6 32.1 ± 2.5

Notes.
a In the ellipse fitting for the two rings and ring gap, the peak and bottom positions were first directly determined
by the averaged radial profile at position angles every 5◦ and 15◦ (corresponding to our spatial resolution) for the
two rings and the ring gap, respectively. We then conducted an ellipse fit using an implementation of the nonlinear
least-squares Marquardt–Levenberg algorithm with five free parameters of lengths for the major and minor axes,
position angle, and central positions.
b Derived from the ratio of the major and minor axes.
c Central position (0, 0) is corresponding to the stellar position.
d Assuming circular structures with given inclinations. The values of the full width at half-maximum are derived
from Gaussian fitting of the radial profile at the given position angle of the major axis in the northeast part.

ellipse fitting results are also shown in Table 1. This ring
gap is barely seen in previous PI images (Oppenheimer
et al. 2008; Perrin et al. 2009). The far-side wall of the
ring gap probably corresponds to the wall-like structure at
88 AU inferred by mid-infrared observations (Honda et al.
2010). Another example of a gap is HD 100546 (Bouwman
et al. 2003), in which they inferred that this Herbig Be star
has a disk gap around 10 AU based on the infrared SED.
Interestingly, they also argued that AB Aur has a prototype
disk without a gap in the inner region.

3. We found in total seven small dips in the PI within the
two rings, which we refer to as Dip A to G as shown in
Figure 2. The typical size of the dips is ∼45 AU or less. The
most prominent, Dip A at ∼100 AU, is consistent with those
reported in the PI images of previous studies (Oppenheimer
et al. 2008; Perrin et al. 2009). Dip A is confirmed at the 3σ

confidence level in our I image whose averaged azimuthal
profile is shown in Figure 2. The detection of Dip A in our
I image shows that the PI traces the I pattern, and therefore,
it is not solely a geometrical polarization effect as claimed
(Perrin et al. 2009). This detection also suggests that the
PI image can be used to discuss even in the inner regions
where the I image is affected by speckle noise. This is
especially true when discussing the “local” structures rather
than the “global” structures that can be affected by the
inclination of the disk. In addition, we found three PI peaks
in close vicinity to the occulting mask, which we refer to
as P1 to P3 in Figure 2. The peaks in the outer rings seen
in our PI image are not labeled here for simplicity. All the
peak structures are extended and thus not point sources.

4. No point-like sources are detected in Dip A in either the
PI or I images, as opposed to Oppenheimer et al. (2008).
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固体のサイズ成長
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ダストの合体成長

中心星
落下問題

衝突破壊/
跳ね返り問題

分子間力 重力

目標：問題点を回避しつつ微惑星を形成するシナリオの構築
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空隙率の考慮

4

ダストは低速付着成長により空隙を形成する
cf). Wada et al. 2007, 2009, 2011, Suyama et al. 2008,2012, Okuzumi et al. 2009,2012

空隙率の影響：
断面積大
 - 衝突確率増加 ↑
 - ガス抵抗力 ↑

Suyama et al. 2008
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Figure 1. Examples of initial BPCA clusters consisting of 8000 particles (left) and BCCA clusters consisting of 8192 particles (right). Gray rings indicate the size of the
characteristic radius. These aggregates collide with each other vertically at an impact parameter b with a relative velocity ucol. Here, the cases of B(= b/bmax) = 0.69
are shown.

The critical displacements for sliding and twisting are given by
ζcrit ! 4.3 Å and φcrit ! 1.◦1, respectively (Wada et al. 2007).
The critical rolling displacement, on the other hand, is not well
determined, ranging from 2 Å, which is theoretically given by
Dominik & Tielens (1995), to 32 Å, experimentally, by Heim
et al. (1999). The rolling motion, however, does not play an
important role in the disruption process that we focus on in the
present paper. Indeed, previous studies show that the degree of
disruption of aggregates does not depend on ξcrit (Wada et al.
2007, 2008). In this study, therefore, we fix ξcrit = 8 Å.

As initial conditions, we prepare BPCA or BCCA clusters.
We first describe the initial BPCA clusters and their collision
conditions. The BPCA clusters (see Figure 1) are produced by
ballistic sticking of monomer particles one by one in a random
direction. The initial BPCA clusters consist of 500, 2000, or
8000 particles. Changing the sticking direction randomly, we
prepare three kinds of BPCA clusters for the same number of
constituent particles. They all have a fractal dimension !3 as
expected. We deal with collisions between the same clusters.
We average numerical results for these collisions of three kinds
of aggregates randomly produced.

Offset collisions between BPCA clusters are represented
by the impact parameter b, which is the projected distance
between the centers of mass of the aggregates in the direction
perpendicular to the collision velocity. The maximum value of
b is determined with characteristic radii rc of two colliding
aggregates given by (Mukai et al. 1992),

rc =
√

5
3

1
N

∑

i

|xi − xM|2, (2)

where xi is the position vector of particle i, xM is that of the
center of mass of an aggregate, and N is the number of particles
in the aggregate. A sphere of the characteristic radius almost
encloses the whole aggregate, as shown in Figure 1. Using the
characteristic radii of two colliding aggregates, rc,1 and rc,2, the
maximum value of b is given by

bmax = rc,1 + rc,2, (3)

and the normalized impact parameter B is defined by

B = b

bmax
. (4)

Figure 1 shows an example of initial BPCA clusters with
B = 0.69. Changing B value from 0 (head-on collision) to
1 (grazing collision), we will see the influence of the offset on
collision outcomes (see Figure 2). We choose nine values of
B as B = 0.00, 0.19, 0.39, 0.49, 0.58, 0.69, 0.77, 0.89, 1.00. In
addition, we average numerical results over B and obtain the
averaged effect of the offset collisions. For example, the growth
efficiency f, which is defined later in Section 3.1.1, is averaged
as

f̄ =
∫ 1

0
f dB2. (5)

Dominik & Tielens (1997) and Wada et al. (2008) indicated
that the onset of disruption for fluffy (BCCA) aggregates
in head-on collisions appears at the impact energy Eimp !
3NtotalEbreak, where Ntotal is the total number of particles of
two colliding aggregates. In our simulations, Eimp is given by
Eimp = (1/2)Ntotalm1(ucol/2)2, where m1 is the mass of one
particle and ucol is the relative collision velocity. Using the
above criterion on the onset of disruption, the critical collision
velocity leading to disruption of fluffy aggregates is given by

ucol,c !

√
24Ebreak

m1
. (6)

Substituting Equation (1) for Ebreak and m1 = (4/3)πρr3
1 , ucol,c

is given by ∼19 m s−1 for aggregates consisting of 0.1 µm
sized icy monomers. Since we focus on the disruption process
in aggregate collisions, we set ucol relatively high, ranging from
6 m s−1 to ∼300 m s−1.

By employing a similar way to produce BPCA clusters, we
also prepare BCCA clusters, which are produced by successive

ダストアグリゲイト
有効半径 : r, 質量: m
内部密度: ρ

Wada et al. 2009

cf) 空隙率p, 充填率f ⇒ f=1-p
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低密度アグリゲイトと微惑星形成問題

・衝突破壊問題

→氷なら回避可能 (Wada et al. 2009,2013)

・跳ね返り問題
低内部密度 (Φ<0.5)なら跳ね返らない
(Wada et al. 2011)

・中心星落下問題

氷ダストアグリゲイトなら問題回避の可能性あり

A&A proofs: manuscript no. massratio.aanda.acc-corrected.pub
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Fig. 3. Same as Figure 2 but b = 0.69bmax (an offset collision).

comparing panels (d), (e), and (f), ucol,crit at b = 0 increases
with increasing the aggregate size. This trend is also shown at
equal-mass collisions (Wada et al. 2009). When we extrapolate
this trend, head-on collisions of larger aggregates would make
ucol,crit higher and explain the high ucol,crit > 20 m s−1 measured
in the experiments. For dust aggregates in protoplanetary disks,
however, offset collisions are dominant rather than head-on colli-
sions and collisions with the impact parameter b2 > 0.5b2

max (the
impact angle θ > 45◦) become important. Including offset colli-
sions the increase in ucol,crit would not be significant as shown in
the present study. Therefore, silicate dust is still difficult to grow
in protoplanetary disks, in which the collision velocity becomes
up to several tens of m s−1.

4.3. Total ejecta mass

As discussed above, the net dust growth needs the condition
f > 0, namely how the target or the largest remnant can survive
and grow through collisions. On the other hand, small fragments
or ejecta produced during collisions of dust and planetesimals
would also play an important role in protoplanetary disks. For
example, since the observationally-indicated lifetime of small
grains are much longer than the collisional growth timescale of
grains, small grains resulting form collisional fragmentation of
growing grains are required to explain the dust retention in pro-

toplanetary disks (e.g., Birnstiel et al. 2009). In addition, debris
disks, gas-poor disks around stars with ages older than several
million years, are composed of small grains supplied from col-
lisional fragmentation of large bodies. The fragment production
rate is mainly determined by the total ejecta mass Mej defined
by Ntarget +Nproj −Nlarge (Kobayashi & Tanaka 2010). Therefore,
we investigate the total ejecta mass normalized by the projectile
mass Mproj(= Nproj), i.e., Mej/Mproj (= 1− f ) against the collision
velocity.

We plot the total ejecta mass  Mej averaged over the impact
parameter, normalized by the mass of a projectile, Mproj, as a
function of ucol (Fig. 6). Since Mej/Mproj is calculated by 1 − f ,
Figure 6 is another expression of Figure 5. We find a trend that
 Mej/Mproj is roughly proportional to ucol for various combina-

tions of Nproj and Ntarget although  Mej/Mproj deviates from that
trend for low collision velocities. In Figure 6, we plot a line
 Mej/Mproj = ucol/ucol,crit, (9)

where ucol,crit is given by 80 m s−1. This formula roughly ac-
counts for the data in the range ucol > 20 m s−1. In the lower
range ucol < 20 m s−1, Mej is significantly low compared to the
formula. According to a scaling relation on the cratering pro-
cess (Housen & Holsapple 2011), ejecta mass produced in crater-
ing on sand targets is scaled with the projectile momentum, i.e.,
Mej ∝ Mprojucol. Therefore, collisions between different-sized
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target

projectile

(Wada et al. 2013)

ダストアグリゲイトは大きな断面積を持つため、衝突確率増加
⇒中心星落下より早く成長することで回避可能? (Okuzumi et al. 2012)

岩石に比べ氷は付着力が強いため、
~80 m/s の衝突でも成長可能
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1m 1km 102-4km 半径

衝突圧縮

内部密度

1g/cm3

10-5g/cm3

cf). Wada et al. 2009, 
Okuzumi et al. 2009,2012 ,
Suyama et al. 2008,2012

0.1μm

微惑星
ダスト

内部密度進化の問題点

中心星落下
問題

跳ね返り問題

cf) Weidenschilling 1977, Hayashi 1981

内部密度が上がらない

低速付着成長
cf). Zsom et al. 2011 

cf). Zsom et al. 2010 

Wada et al. 2009
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1m 1km 102-4km 半径

内部密度

1g/cm3

10-5g/cm3

0.1μm

微惑星
ダスト

本研究: 静的圧縮

中心星落下
問題

跳ね返り問題

cf) Weidenschilling 1977, Hayashi 1981

付着成長

r

gravitygas

ガスのラム圧に
よる静的圧縮

重力による静的圧縮

本研究ではダストアグリゲイトの静的圧縮を導入
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No. 2, 1997 DUST COAGULATION 649

FIG. 1.ÈContact geometry : Two grains make contact over a Ðnite cir-
cular area with radius a. The size of the area is controlled by the com-
petition between attractive (van der Waals, dipole, etc.) forces and
repulsive elastic forces.
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The contact between two grains has a total of 6 degrees of
freedom as indicated in There is 1 vertical degreeFigure 2.
of freedom, 2 for both rolling and sliding in the plane of the
contact, and 1 for a relative spinning motion of the two
grains about the axis connecting the centers of the two
spheres (for an excellent discussion of the geometrical
aspects, see Every relative motion of theJohnson 1989).
grains can be decomposed into these six components. The
vertical degree of freedom covers motions along(Fig. 2a)

the axis connecting the centers of the two grains, i.e., when
the grains move closer together or farther apart. The rolling
degree of freedom describes rolling of the two(Fig. 2b)
grains over each other. It is a motion with constant distance
and without sliding of the surfaces. The center of the contact
circle (contact point) moves with equal speed in the same
direction over the two grain surfaces. The sliding degree of
freedom covers a relative motion of the grains(Fig. 2c)
without rotation and with constant distance. The grain sur-
faces slide over each other, and the contact point moves in
the opposite direction over both surfaces. Finally, the spin-
ning degree of freedom covers a di†erential rotation of the
grains about the axis connecting the centers of the spheres.
The contact point does not move, but the surfaces in
contact slide relative to each other with a velocity pro-
portional to the distance from the contact point.

When external forces are applied to the grains (e.g., iner-
tial forces in a collision), the forces will be transmitted from
one grain to the other via stresses in the contact region. The
stresses lead to deformation of the grains near the contact
region. Generally, we may expect that for small forces, there
is an elastic reaction of the contact : when the external forces
are released, the deformation is reversed and the original
state recovered. However, when the forces become larger
than some limit, irreversible changes will occur. Pulling
grains apart with a small force will only reduce the contact
area, while pulling harder will eventually break the contact.
Similarly, a small tangential force will only deform the
grains near the contact, but a larger force will lead to rolling
or sliding and move the contact around. These irreversible
processes are connected with the dissipation of energy.
Their understanding is essential for the physics of coagu-
lation as they ultimately determine structure and stability of
dust aggregates.

The detailed physics involved in the di†erent degrees of
freedom have recently been discussed in a series of papers

et al. hereafter & Tielens(Chokshi 1993, Paper I ; Dominik
hereafter and & Tielens1995, Paper II ; Dominik 1996,

FIG. 2.ÈThe di†erent degrees of freedom of a contact between two particles : (a) vertical (pull-o†), (b) tangential (rolling), (c) tangential (sliding),
(d) torsional (spinning).

8

モノマー同士の付着相互作用モデル

cf).Dominik & Tielens 1997, Wada et al. 2007

付着力を考慮したダストN体計算

モノマー

例：r0=0.1μm, 氷

ダストアグリゲイト

→N体計算を用いて、
アグリゲイトの圧縮強度を求める

モノマー同士の相互作用はよくわかっている
↔その集合体の振る舞いはわかっていない

転がり 捻り滑り
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t=0 (φ=0.0003) t=1×106t0 (φ=0.002) t=2×106t0 (φ=0.01)

Fig. 3. Time evolution of static compression in the case of N = 16384. The three figures have the same scale with di↵erent time epoch. The
white particles are inside a box enclosed by the periodic boundaries. The yellow particles are in neighboring boxes to the box of white particles.
For visualization, we do not draw the copies in back and front side of the boundaries but only 8 copies of the white particles across the boundaries.
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Fig. 4. (a) Pressure P in [Pa] against the filling factor �. The ten thin solid lines show the results for the initial BCCA clusters with di↵erent
initial random numbers and thick solid line shows the arithmetic average of the ten runs. (b) Same as the thick solid line in (a) plotted with a dotted
line of Equation (25). The parameters are N = 16384, Cv = 3 ⇥ 10�7, k

n

= 0.01, and ⇠crit = 8 Å.

When the compression proceeds and the density becomes
higher to reach the line of Equation (25), the pressure follows
the equation. From Figure 5, Cv = 3 ⇥ 10�7 creates su�ciently
low boundary speed. The boundary speed can be calculated as
a function of �. Using Equation (6) and � = (4/3)⇡r3

0N/L3, the
velocity di↵erence between a boundary and the next boundary,
vd, can be written as

vd = |2vb| = 2
Cv

t0

0
BBBBB@

4
3⇡r

3
0N

�

1
CCCCCA

1/3

(26)

In the case of Cv = 3 ⇥ 10�7, vd = 12.7, 5.9, and 2.7 cm/s for �
= 10�3, 10�2, and 10�1, respectively.

Here, we discuss the velocity di↵erence of boundaries, com-
paring with the e↵ective sound speed of the aggregates. The

e↵ective sound speed can be estimated as

cs,e↵ ⇠
s

P

⇢
⇠
s

Eroll

⇢0r

3
0

⇢

⇢0
⇠
r

Eroll

m0
�. (27)

where we use Equation (25). Using the rolling energy of ice
particles, cs,e↵ is given by

cs,e↵ ⇠ 1.1 ⇥ 103� cm/s. (28)

Therefore, in the case of Cv = 3 ⇥ 10�7, v

d

is not su�ciently
low in the beginning of the simulation, where the aggregate has
a low filling factor. However, the boundary velocity di↵erence
reaches lower than the e↵ective sound speed when � & 10�2.
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結果：圧縮強度
10 runs 平均

(充填率)

N体計算により圧縮強度を充填率の関数として導出

A k i m a s a K a t a o k a e t a l . : S t a t i c c o m p r e s s i o n o f p o r o u s d u s t a g g r e g a t e s
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Fit to experiments

DT model in S12

Fig. 13. S a m e a s F i g u r e 1 2 ,b u t p l o t t e d w i t h l i n e a r s c a l e o f � a n d
r e v e r s a l o f xy a x i s t o c o m p a r e w i t h p r e v i o u s s t u d i e s ( s e e F i g u r e 4 i n
S e i z i n g e r e t a l . ( 2 0 1 2 ) ) . T h e d o t t e d l i n e i s t h e r e s u l t o f n u m e r i c a l s i m -
u l a t i o n s i n t h e h i g h d e n s i t y r e g i o n ( � & 0 . 1 ) i n S e i z i n g e r e t a l . ( 2 0 1 2 )
a n d t h e t h i n s o l i d l i n e i s t h e fi t t i n g f o r m u l a p r o p o s e d b y G ü t t l e r e t a l .
( 2 0 0 9 ) . O u r r e s u l t s c o n s i s t e n t l y c o n n e c t t o t h e p r e v i o u s s i m u l a t i o n s i n
t h e h i g h d e n s i t y r e g i o n .

b y c l u s t e r - c l u s t e r a g g r e g a t i o n . A l a r g e v o i d e x i s t s b e t w e e n t h e
t w o s m a l l e r c l u s t e r s a n d t h e y a r e c o n n e c t e d w i t h o n e c o n n e c t i o n
o f m o n o m e r s i n c o n t a c t ,r e p r e s e n t e d b y d a s h e d l i n e i n t h e r i g h t
p a n e l o f F i g u r e 1 4 . T h e c o m p r e s s i o n o f t h e B C C A c l u s t e r o c -
c u r s b y c r a s h i n g t h e l a r g e v o i d ,w h i c h r e q u i r e s o n l y r o l l i n g o f
t h e m o n o m e r s a t t h e c o n n e c t i o n .

N o w ,l e t u s e s t i m a t e t h e c o m p r e s s i o n s t r e n g t h . I n s t a t i c c o m -
p r e s s i o n ,t h e a g g r e g a t e i s c o m p r e s s e d b y e x t e r n a l p r e s s u r e . E a c h
B C C A c l u s t e r f e e l s a s i m i l a r p r e s s u r e ,P . U s i n g t h e p r e s s u r e ,t h e
f o r c e o n t h e B C C A c l u s t e r i s a p p r o x i m a t e l y g i v e n b y

F ⇠ P · r 2
B C C A . ( 3 0 )

S i n c e t h e c r a s h i n g o f t h e l a r g e v o i d i s a c c o m p a n i e d b y r o l l i n g o f
a p a i r o f m o n o m e r s i n c o n t a c t ,t h e w o r k r e q u i r e d f o r t h e c r a s h -
i n g i s g i v e n b y s o - c a l l e d t h e r o l l i n g e n e r g y o f m o n o m e r s ,E r o l l
( D o m i n i k & T i e l e n s ( 1 9 9 7 ) o r s e e E q u a t i o n ( 1 ) f o r i t s d e fi n i -
t i o n ) . T h e r e f o r e ,t h e r e q u i r e d f o r c e t o c o m p r e s s t h e a g g r e g a t e
s a t i s fi e s ,

F · rB C C A ⇠ E r o l l . ( 3 1 )

S u b s t i t u t i n g E q u a t i o n ( 3 0 ) ,w e f u r t h e r o b t a i n t h e r e q u i r e d p r e s -
s u r e t o c o m p r e s s t h e a g g r e g a t e a s

P ⇠ E r o l l

r

3
B C C A

. ( 3 2 )

T h e r a d i u s o f t h e B C C A c l u s t e r s c a n b e w r i t t e n b y u s i n g t h e
p h y s i c a l v a l u e s o f t h e w h o l e a g g r e g a t e . T h e i n t e r n a l d e n s i t y o f
t h e B C C A c l u s t e r i s d e p e n d e n t o n i t s r a d i u s . T h e B C C A c l u s t e r
h a s t h e f r a c t a l d i m e n s i o n o f 2 ,a n d i t s r a d i u s i s a p p r o x i m a t e l y
g i v e n b y r B C C A = N

1 /2
r0 ,w h e r e N i s t h e n u m b e r o f c o n s t i t u e n t

m o n o m e r s i n t h e B C C A s u b c l u s t e r . T h e i n t e r n a l d e n s i t y o f t h e
B C C A c l u s t e r i s e v a l u a t e d a s

⇢ ⇠ Nm0

r

3
B C C A

⇠
 

rB C C A

r 0

!� 1

⇢0 . ( 3 3 )

U s i n g e q u a t i o n s ( 3 2 ) a n d ( 3 3 ) ,w e fi n a l l y o b t a i n t h e r e q u i r e d
p r e s s u r e ( o r t h e c o m p r e s s i o n s t r e n g t h ) a s

P ⇠ E r o l l

r

3
0

 
⇢

⇢0

!3

. ( 3 4 )

T h i s i s t h e s a m e a s E q u a t i o n ( 2 5 ) o b t a i n e d f r o m o u r n u m e r i c a l
s i m u l a t i o n s .

5. Summary

W e i n v e s t i g a t e t h e s t a t i c c o m p r e s s i o n s t r e n g t h o f h i g h l y p o r o u s
d u s t a g g r e g a t e s ,w h o s e fi l l i n g f a c t o r � i s l o w e r t h a n 0 . 1 . W e
p e r f o r m n u m e r i c a l N - b o d y s i m u l a t i o n s o f s t a t i c c o m p r e s s i o n o f
h i g h l y p o r o u s d u s t a g g r e g a t e s . T h e i n i t i a l d u s t a g g r e g a t e i s a s -
s u m e d t o b e a B C C A c l u s t e r . T h e p a r t i c l e - p a r t i c l e i n t e r a c t i o n
m o d e l i s b a s e d o n D o m i n i k & T i e l e n s ( 1 9 9 7 ) a n d W a d a e t a l .
( 2 0 0 7 ) . W e i n t r o d u c e a n e w m e t h o d f o r c o m p r e s s i o n . W e a d o p t
t h e p e r i o d i c b o u n d a r y c o n d i t i o n i n o r d e r t o c o m p r e s s t h e d u s t a g -
g r e g a t e u n i f o r m l y a n d n a t u r a l l y . B e c a u s e o f t h e p e r i o d i c b o u n d -
a r y c o n d i t i o n ,t h e d u s t a g g r e g a t e i n c o m p u t a t i o n a l r e g i o n r e p -
r e s e n t s a p a r t o f a l a r g e a g g r e g a t e ,a n d t h u s w e c a n i n v e s t i g a t e
t h e c o m p r e s s i o n o f a l a r g e a g g r e g a t e . T h e p e r i o d i c b o u n d a r i e s
m o v e t o w a r d t h e c e n t e r a n d t h e d i s t a n c e b e t w e e n t h e b o u n d a r i e s
b e c o m e s s m a l l . T o m e a s u r e t h e p r e s s u r e o f t h e a g g r e g a t e ,w e
a d o p t a s i m i l a r m a n n e r u s e d i n m o l e c u l a r d y n a m i c s s i m u l a t i o n s .
A s a r e s u l t o f t h e n u m e r i c a l s i m u l a t i o n s ,o u r m a i n fi n d i n g s a r e
a s f o l l o w s .

– T h e c o m p r e s s i o n s t r e n g t h c a n b e w r i t t e n a s

P =
E r o l l

r

3
0

� 3 , ( 3 5 )

w h e r e E r o l l i s t h e r o l l i n g e n e r g y o f m o n o m e r p a r t i c l e s ,r0 i s
t h e m o n o m e r r a d i u s ,a n d � i s t h e fi l l i n g f a c t o r . W e d e fi n e
t h e fi l l i n g f a c t o r a s � = ⇢/⇢0 ,w h e r e ⇢ i s t h e m a s s d e n s i t y
o f t h e w h o l e a g g r e g a t e ,a n d ⇢0 i s t h e m a t e r i a l m a s s d e n s i t y .
E q u a t i o n ( 3 5 ) i s i n d e p e n d e n t o f t h e n u m e r i c a l p a r a m e t e r s ;
t h e n u m b e r o f p a r t i c l e s ,t h e s i z e o f t h e i n i t i a l B C C A c l u s t e r ,
t h e b o u n d a r y s p e e d ,t h e n o r m a l d a m p i n g f o r c e . W e c o n fi r m
t h a t E q u a t i o n ( 3 5 ) i s a p p l i c a b l e i n d i ↵ e r e n t E r o l l a n d r 0 . W e
a l s o a n a l y t i c a l l y c o n fi r m E q u a t i o n ( 3 5 ) .

– E q u a t i o n ( 3 5 ) i s v a l i d w h e r e � . 0 . 1 i n t h e h i g h d e n s i t y
r e g i o n . I n t h e l o w d e n s i t y r e g i o n ,w e c o n fi r m t h a t E q u a t i o n
( 3 5 ) i s v a l i d f o r � & 1 0 � 3 i n t h e c a s e o f N = 1 6 3 8 4 . F r o m t h e
r e s u l t s o f d i ↵e r e n t i n i t i a l s i z e s o f t h e a g g r e g a t e s ,E q u a t i o n
( 3 5 ) i s v a l i d i n t h e l o w e r d e n s i t y r e g i o n i n t h e c a s e o f t h e
l a r g e r a g g r e g a t e s .

– T h e i n i t i a l B C C A c l u s t e r h a s a f r a c t a l d i m e n s i o n o f 2 i n
t h e r a d i u s o f t h e c l u s t e r ,a l t h o u g h t h e w h o l e a g g r e g a t e h a s
a f r a c t a l d i m e n s i o n o f 3 b e c a u s e o f t h e p e r i o d i c b o u n d a r y .
A s c o m p r e s s i o n p r o c e e d s ,t h e f r a c t a l d i m e n s i o n i n s i d e t h e
r a d i u s o f t h e i n i t i a l B C C A c l u s t e r b e c o m e s 3 ,w h i l e t h e f r a c -
t a l d i m e n s i o n i n s m a l l e r s c a l e k e e p s b e i n g 2 . T h i s m e a n s
t h a t t h e i n i t i a l s e t u p ,w h i c h i s t h a t f r a c t a l d i m e n s i o n i n l a r g e
s c a l e i s 3 a n d t h a t i n s m a l l s c a l e i s 2 ,w e l l r e p r o d u c e t h e
s t r u c t u r e o f a d u s t a g g r e g a t e i n s t a t i c c o m p r e s s i o n a s a c o n -
s e q u e n c e . T h i s a l s o s u p p o r t s t h e f a c t t h a t t h e c o m p r e s s i o n
s t r e n g t h i s d e t e r m i n e d b y B C C A s t r u c t u r e s i n a s m a l l s c a l e .

– T h e s t a t i c c o m p r e s s i o n i n t h e h i g h d e n s i t y r e g i o n ( � & 0 .1 )
h a s b e e n i n v e s t i g a t e d i n s i l i c a t e c a s e i n p r e v i o u s s t u d i e s
( S e i z i n g e r e t a l . 2 0 1 2 ) . W e p e r f o r m t h e n u m e r i c a l s i m u l a -
t i o n s i n s i l i c a t e c a s e a n d c o n fi r m t h a t o u r r e s u l t s a r e c o n s i s -
t e n t w i t h t h a t o f p r e v i o u s s t u d i e s i n t h e h i g h d e n s i t y r e g i o n .

A r t i c l e n u m b e r ,p a g e 1 1 o f 1 2

(充填率)

Kataoka, Tanaka, Okuzumi, & Wada (2013a)

時刻



片岡章雅 11

圧縮強度と転がりエネルギー
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Fig. 13. S a m e a s F i g u r e 1 2 ,b u t p l o t t e d w i t h l i n e a r s c a l e o f � a n d
r e v e r s a l o f xy a x i s t o c o m p a r e w i t h p r e v i o u s s t u d i e s ( s e e F i g u r e 4 i n
S e i z i n g e r e t a l . ( 2 0 1 2 ) ) . T h e d o t t e d l i n e i s t h e r e s u l t o f n u m e r i c a l s i m -
u l a t i o n s i n t h e h i g h d e n s i t y r e g i o n ( � & 0 . 1 ) i n S e i z i n g e r e t a l . ( 2 0 1 2 )
a n d t h e t h i n s o l i d l i n e i s t h e fi t t i n g f o r m u l a p r o p o s e d b y G ü t t l e r e t a l .
( 2 0 0 9 ) . O u r r e s u l t s c o n s i s t e n t l y c o n n e c t t o t h e p r e v i o u s s i m u l a t i o n s i n
t h e h i g h d e n s i t y r e g i o n .

b y c l u s t e r - c l u s t e r a g g r e g a t i o n . A l a r g e v o i d e x i s t s b e t w e e n t h e
t w o s m a l l e r c l u s t e r s a n d t h e y a r e c o n n e c t e d w i t h o n e c o n n e c t i o n
o f m o n o m e r s i n c o n t a c t ,r e p r e s e n t e d b y d a s h e d l i n e i n t h e r i g h t
p a n e l o f F i g u r e 1 4 . T h e c o m p r e s s i o n o f t h e B C C A c l u s t e r o c -
c u r s b y c r a s h i n g t h e l a r g e v o i d ,w h i c h r e q u i r e s o n l y r o l l i n g o f
t h e m o n o m e r s a t t h e c o n n e c t i o n .

N o w ,l e t u s e s t i m a t e t h e c o m p r e s s i o n s t r e n g t h . I n s t a t i c c o m -
p r e s s i o n ,t h e a g g r e g a t e i s c o m p r e s s e d b y e x t e r n a l p r e s s u r e . E a c h
B C C A c l u s t e r f e e l s a s i m i l a r p r e s s u r e ,P . U s i n g t h e p r e s s u r e ,t h e
f o r c e o n t h e B C C A c l u s t e r i s a p p r o x i m a t e l y g i v e n b y

F ⇠ P · r 2
B C C A . ( 3 0 )

S i n c e t h e c r a s h i n g o f t h e l a r g e v o i d i s a c c o m p a n i e d b y r o l l i n g o f
a p a i r o f m o n o m e r s i n c o n t a c t ,t h e w o r k r e q u i r e d f o r t h e c r a s h -
i n g i s g i v e n b y s o - c a l l e d t h e r o l l i n g e n e r g y o f m o n o m e r s ,E r o l l
( D o m i n i k & T i e l e n s ( 1 9 9 7 ) o r s e e E q u a t i o n ( 1 ) f o r i t s d e fi n i -
t i o n ) . T h e r e f o r e ,t h e r e q u i r e d f o r c e t o c o m p r e s s t h e a g g r e g a t e
s a t i s fi e s ,

F · rB C C A ⇠ E r o l l . ( 3 1 )

S u b s t i t u t i n g E q u a t i o n ( 3 0 ) ,w e f u r t h e r o b t a i n t h e r e q u i r e d p r e s -
s u r e t o c o m p r e s s t h e a g g r e g a t e a s

P ⇠ E r o l l

r

3
B C C A

. ( 3 2 )

T h e r a d i u s o f t h e B C C A c l u s t e r s c a n b e w r i t t e n b y u s i n g t h e
p h y s i c a l v a l u e s o f t h e w h o l e a g g r e g a t e . T h e i n t e r n a l d e n s i t y o f
t h e B C C A c l u s t e r i s d e p e n d e n t o n i t s r a d i u s . T h e B C C A c l u s t e r
h a s t h e f r a c t a l d i m e n s i o n o f 2 ,a n d i t s r a d i u s i s a p p r o x i m a t e l y
g i v e n b y r B C C A = N

1 /2
r0 ,w h e r e N i s t h e n u m b e r o f c o n s t i t u e n t

m o n o m e r s i n t h e B C C A s u b c l u s t e r . T h e i n t e r n a l d e n s i t y o f t h e
B C C A c l u s t e r i s e v a l u a t e d a s

⇢ ⇠ Nm0

r

3
B C C A

⇠
 

rB C C A

r 0

!� 1

⇢0 . ( 3 3 )

U s i n g e q u a t i o n s ( 3 2 ) a n d ( 3 3 ) ,w e fi n a l l y o b t a i n t h e r e q u i r e d
p r e s s u r e ( o r t h e c o m p r e s s i o n s t r e n g t h ) a s

P ⇠ E r o l l

r

3
0

 
⇢

⇢0

!3

. ( 3 4 )

T h i s i s t h e s a m e a s E q u a t i o n ( 2 5 ) o b t a i n e d f r o m o u r n u m e r i c a l
s i m u l a t i o n s .

5. Summary

W e i n v e s t i g a t e t h e s t a t i c c o m p r e s s i o n s t r e n g t h o f h i g h l y p o r o u s
d u s t a g g r e g a t e s ,w h o s e fi l l i n g f a c t o r � i s l o w e r t h a n 0 . 1 . W e
p e r f o r m n u m e r i c a l N - b o d y s i m u l a t i o n s o f s t a t i c c o m p r e s s i o n o f
h i g h l y p o r o u s d u s t a g g r e g a t e s . T h e i n i t i a l d u s t a g g r e g a t e i s a s -
s u m e d t o b e a B C C A c l u s t e r . T h e p a r t i c l e - p a r t i c l e i n t e r a c t i o n
m o d e l i s b a s e d o n D o m i n i k & T i e l e n s ( 1 9 9 7 ) a n d W a d a e t a l .
( 2 0 0 7 ) . W e i n t r o d u c e a n e w m e t h o d f o r c o m p r e s s i o n . W e a d o p t
t h e p e r i o d i c b o u n d a r y c o n d i t i o n i n o r d e r t o c o m p r e s s t h e d u s t a g -
g r e g a t e u n i f o r m l y a n d n a t u r a l l y . B e c a u s e o f t h e p e r i o d i c b o u n d -
a r y c o n d i t i o n ,t h e d u s t a g g r e g a t e i n c o m p u t a t i o n a l r e g i o n r e p -
r e s e n t s a p a r t o f a l a r g e a g g r e g a t e ,a n d t h u s w e c a n i n v e s t i g a t e
t h e c o m p r e s s i o n o f a l a r g e a g g r e g a t e . T h e p e r i o d i c b o u n d a r i e s
m o v e t o w a r d t h e c e n t e r a n d t h e d i s t a n c e b e t w e e n t h e b o u n d a r i e s
b e c o m e s s m a l l . T o m e a s u r e t h e p r e s s u r e o f t h e a g g r e g a t e ,w e
a d o p t a s i m i l a r m a n n e r u s e d i n m o l e c u l a r d y n a m i c s s i m u l a t i o n s .
A s a r e s u l t o f t h e n u m e r i c a l s i m u l a t i o n s ,o u r m a i n fi n d i n g s a r e
a s f o l l o w s .

– T h e c o m p r e s s i o n s t r e n g t h c a n b e w r i t t e n a s

P =
E r o l l

r

3
0

� 3 , ( 3 5 )

w h e r e E r o l l i s t h e r o l l i n g e n e r g y o f m o n o m e r p a r t i c l e s ,r0 i s
t h e m o n o m e r r a d i u s ,a n d � i s t h e fi l l i n g f a c t o r . W e d e fi n e
t h e fi l l i n g f a c t o r a s � = ⇢/⇢0 ,w h e r e ⇢ i s t h e m a s s d e n s i t y
o f t h e w h o l e a g g r e g a t e ,a n d ⇢0 i s t h e m a t e r i a l m a s s d e n s i t y .
E q u a t i o n ( 3 5 ) i s i n d e p e n d e n t o f t h e n u m e r i c a l p a r a m e t e r s ;
t h e n u m b e r o f p a r t i c l e s ,t h e s i z e o f t h e i n i t i a l B C C A c l u s t e r ,
t h e b o u n d a r y s p e e d ,t h e n o r m a l d a m p i n g f o r c e . W e c o n fi r m
t h a t E q u a t i o n ( 3 5 ) i s a p p l i c a b l e i n d i ↵ e r e n t E r o l l a n d r 0 . W e
a l s o a n a l y t i c a l l y c o n fi r m E q u a t i o n ( 3 5 ) .

– E q u a t i o n ( 3 5 ) i s v a l i d w h e r e � . 0 . 1 i n t h e h i g h d e n s i t y
r e g i o n . I n t h e l o w d e n s i t y r e g i o n ,w e c o n fi r m t h a t E q u a t i o n
( 3 5 ) i s v a l i d f o r � & 1 0 � 3 i n t h e c a s e o f N = 1 6 3 8 4 . F r o m t h e
r e s u l t s o f d i ↵e r e n t i n i t i a l s i z e s o f t h e a g g r e g a t e s ,E q u a t i o n
( 3 5 ) i s v a l i d i n t h e l o w e r d e n s i t y r e g i o n i n t h e c a s e o f t h e
l a r g e r a g g r e g a t e s .

– T h e i n i t i a l B C C A c l u s t e r h a s a f r a c t a l d i m e n s i o n o f 2 i n
t h e r a d i u s o f t h e c l u s t e r ,a l t h o u g h t h e w h o l e a g g r e g a t e h a s
a f r a c t a l d i m e n s i o n o f 3 b e c a u s e o f t h e p e r i o d i c b o u n d a r y .
A s c o m p r e s s i o n p r o c e e d s ,t h e f r a c t a l d i m e n s i o n i n s i d e t h e
r a d i u s o f t h e i n i t i a l B C C A c l u s t e r b e c o m e s 3 ,w h i l e t h e f r a c -
t a l d i m e n s i o n i n s m a l l e r s c a l e k e e p s b e i n g 2 . T h i s m e a n s
t h a t t h e i n i t i a l s e t u p ,w h i c h i s t h a t f r a c t a l d i m e n s i o n i n l a r g e
s c a l e i s 3 a n d t h a t i n s m a l l s c a l e i s 2 ,w e l l r e p r o d u c e t h e
s t r u c t u r e o f a d u s t a g g r e g a t e i n s t a t i c c o m p r e s s i o n a s a c o n -
s e q u e n c e . T h i s a l s o s u p p o r t s t h e f a c t t h a t t h e c o m p r e s s i o n
s t r e n g t h i s d e t e r m i n e d b y B C C A s t r u c t u r e s i n a s m a l l s c a l e .

– T h e s t a t i c c o m p r e s s i o n i n t h e h i g h d e n s i t y r e g i o n ( � & 0 .1 )
h a s b e e n i n v e s t i g a t e d i n s i l i c a t e c a s e i n p r e v i o u s s t u d i e s
( S e i z i n g e r e t a l . 2 0 1 2 ) . W e p e r f o r m t h e n u m e r i c a l s i m u l a -
t i o n s i n s i l i c a t e c a s e a n d c o n fi r m t h a t o u r r e s u l t s a r e c o n s i s -
t e n t w i t h t h a t o f p r e v i o u s s t u d i e s i n t h e h i g h d e n s i t y r e g i o n .

A r t i c l e n u m b e r ,p a g e 1 1 o f 1 2

Eroll: 転がりエネルギー
r0: モノマー半径
φ: 充填率　　 (                  )

cf)

接触する2つの球を90度転がすのに
必要なエネルギー

� = �/�0

Compression at dust aggregate collisions has been inves-
tigated in previous studies. When collisional impact energy
exceeds the critical energy, dust aggregates are compacted by
their collision (e.g. Dominik & Tielens 1997; Suyama et al.
2008; Wada et al. 2007, 2008, 2009). However, the colli-
sional compression is not e↵ective at compressing dust aggre-
gates (Okuzumi et al. 2012).

One of the other compression mechanisms in protoplanetary
disks is static compression by disk gas or self-gravity. The static
compressive strength of dust aggregates has been investigated
both experimentally and numerically (Paszun & Dominik 2008;
Güttler et al. 2009; Seizinger et al. 2012). However, the com-
pressive strength has examined only relatively compact aggre-
gates with ⇢ & 0.1g cm�3 because their initial aggregates are
ballistic particle-cluster aggregation (BPCA) clusters. Because
⇢ decreases to ⇢ ⌧ 0.1g cm�3, at least in the early stage of dust
growth, we need to reveal the static compressive strength with
⇢ ⌧ 0.1g cm�3.

In this work, we investigate the static compression of highly
porous aggregates with ⇢ < 0.1g cm�3 by means of numerical
simulations and an analytical approach. It is challenging to per-
form numerical simulations of the static and uniform compres-
sion of highly porous aggregates. Because such porous aggre-
gates have low sound speed, we have to compress them at a
much slower velocity than in the case of compact aggregates,
as is shown in our simulations. Such a slow compression of the
flu↵y aggregates costs much computational time.

In previous numerical studies of static compression, a dust
aggregate is compressed by a wall moving in one direction
(Paszun & Dominik 2008; Seizinger et al. 2012). However,
this method has disadvantages when reproducing uniform and
isotropic compression. There are also side walls that do not
move. These side walls also obstruct the tangential motion of
monomers in contact with the walls, causing artificial stress on
the aggregate, which restructures them. Moreover, since they
measure the pressure with the force on the moving wall, the side
walls may a↵ect the pressure measurement. In the present work,
we develop a new method reproducing static compression. In-
stead of the walls, we adopt periodic boundary conditions and
the boundaries get closer to each other. With these slowly mov-
ing periodic boundaries, the aggregate is compressed uniformly
and naturally. The periodic boundary condition also enables us
to represent a much larger aggregate than inside the computa-
tional region. This saves on computational time remarkably.

This paper is organized as follows. We describe the model
of our numerical simulations in Section 2. We show the results
of our simulations and find the compressive strength in Section
3. We confirm the obtained static compressive strength formula
analytically in Section 4, and present our conclusion in Section
5.

2. Simulation setting

We performed three-dimensional numerical simulations of the
compression of a dust aggregate consisting of a number of spher-
ical monomers. As the initial aggregate, we adopted a BCCA
cluster. In this method, we solved interactions between all
monomers in contact in each time step. Interactions between
monomers in contact are formulated by Dominik & Tielens
(1997) and reformulated by using the potential energies by Wada
et al. (2007). We used the interaction model proposed by Wada
et al. (2007) in this work. We briefly summarize the particle in-
teraction model and material constants (see Wada et al. (2007)
for details). Moreover, we describe the additional damping force

in normal direction and the simulation setting in this section. In
our simulations, the aggregate is gradually compressed by its
copies over the moving periodic boundaries. This is an appro-
priate method of simulating uniform and isotropic compression.
We also describe the boundary condition in this section. Since
we do not have walls to measure the pressure in the periodic
boundary condition, we use a similar manner of pressure mea-
surement in molecular dynamics simulations. We also introduce
the method of pressure measurement below.

2.1. Interaction model

We calculate the direct interaction of each connection of parti-
cles, taking all mechanical interactions modeled by Dominik &
Tielens (1997) and Wada et al. (2007) into account. The material
parameters are the monomer radius r0, surface energy �, Young’s
modulus E, Poisson’s ratio ⌫, and the material density ⇢0. Table
1 lists the values of the material parameters for ice and silicate.

We perform N-body simulations with ice particles except for
one case with silicate particles. In protoplanetary disks, ice par-
ticles are the most dominant dust material beyond the snowline.
Moreover, the computational time required for calculating ice
particles is less than for silicate. Thus, we adopt ice particles in
most simulations. We also treat a silicate case to compare with a
previous study (Seizinger et al. 2012).

The critical displacement still shows a discrepancy between
theoretical (⇠crit = 2 Å) and experimental (⇠crit = 32 Å) studies
(Dominik & Tielens 1997; Heim et al. 1999). We adopt the same
parameter as in Wada et al. (2011), ⇠crit = 8 Å as a typical length
for ice particles, and ⇠crit = 20 Å for silicate particles to compare
with Seizinger et al. (2012).

The parameter ⇠crit is related to strength of rolling motion.
The rolling motion between monomers is crucial in compression.
The rolling energy Eroll is the energy required to rotate a particle
around a connecting point by 90 �. The rolling energy can be
written as

Eroll = 6⇡2�r0⇠crit (1)

(see Wada et al. (2007) for details). In the case of ice monomers,
for example, Eroll = 4.37 ⇥ 10�9 erg for ⇠crit = 8Å.

We use a normalized unit of time in our simulations. For ice
particles, the normalized unit of time is

t0 = 0.95
0
BBBBB@
⇢1/2

0 r

7/6
0

E

1/3�1/6

1
CCCCCA = 1.93 ⇥ 10�10 s, (2)

which is a characteristic time, and it approximately represents
the oscillation time of particles in contact at the critical collision
velocity (see Wada et al. (2007) for details).

2.2. Damping force in normal direction

The normal force between two monomers is repulsive when the
monomers are close or attractive when they are stretched out.
Thus, normal oscillations occur at each connection. For realis-
tic particles, these oscillations would dissipate because of vis-
coelasticity or hysteresis in the normal force (e.g. Greenwood &
Johnson 2006; Tanaka et al. 2012). For such damping of normal
oscillation, we add an artificial normal damping force to the par-
ticle interaction model, following the previous studies (Suyama
et al. 2008; Paszun & Dominik 2008; Seizinger et al. 2012).
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(γ: 表面エネルギー)
γ= 25 [erg/cm2] (シリケイト)
γ=100 [erg/cm2] (氷)

転がりエネルギー
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FIG. 1.ÈContact geometry : Two grains make contact over a Ðnite cir-
cular area with radius a. The size of the area is controlled by the com-
petition between attractive (van der Waals, dipole, etc.) forces and
repulsive elastic forces.

this expression as the reduced radius R (R~1 \R
1
~1

The attractive forces are described by the surface] R
2
~1).
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iYoungÏs modulus, respectively, of grain i.

The contact between two grains has a total of 6 degrees of
freedom as indicated in There is 1 vertical degreeFigure 2.
of freedom, 2 for both rolling and sliding in the plane of the
contact, and 1 for a relative spinning motion of the two
grains about the axis connecting the centers of the two
spheres (for an excellent discussion of the geometrical
aspects, see Every relative motion of theJohnson 1989).
grains can be decomposed into these six components. The
vertical degree of freedom covers motions along(Fig. 2a)

the axis connecting the centers of the two grains, i.e., when
the grains move closer together or farther apart. The rolling
degree of freedom describes rolling of the two(Fig. 2b)
grains over each other. It is a motion with constant distance
and without sliding of the surfaces. The center of the contact
circle (contact point) moves with equal speed in the same
direction over the two grain surfaces. The sliding degree of
freedom covers a relative motion of the grains(Fig. 2c)
without rotation and with constant distance. The grain sur-
faces slide over each other, and the contact point moves in
the opposite direction over both surfaces. Finally, the spin-
ning degree of freedom covers a di†erential rotation of the
grains about the axis connecting the centers of the spheres.
The contact point does not move, but the surfaces in
contact slide relative to each other with a velocity pro-
portional to the distance from the contact point.

When external forces are applied to the grains (e.g., iner-
tial forces in a collision), the forces will be transmitted from
one grain to the other via stresses in the contact region. The
stresses lead to deformation of the grains near the contact
region. Generally, we may expect that for small forces, there
is an elastic reaction of the contact : when the external forces
are released, the deformation is reversed and the original
state recovered. However, when the forces become larger
than some limit, irreversible changes will occur. Pulling
grains apart with a small force will only reduce the contact
area, while pulling harder will eventually break the contact.
Similarly, a small tangential force will only deform the
grains near the contact, but a larger force will lead to rolling
or sliding and move the contact around. These irreversible
processes are connected with the dissipation of energy.
Their understanding is essential for the physics of coagu-
lation as they ultimately determine structure and stability of
dust aggregates.

The detailed physics involved in the di†erent degrees of
freedom have recently been discussed in a series of papers

et al. hereafter & Tielens(Chokshi 1993, Paper I ; Dominik
hereafter and & Tielens1995, Paper II ; Dominik 1996,

FIG. 2.ÈThe di†erent degrees of freedom of a contact between two particles : (a) vertical (pull-o†), (b) tangential (rolling), (c) tangential (sliding),
(d) torsional (spinning).

転がり 捻り滑り

Kataoka, Tanaka, Okuzumi, & Wada (2013a)
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1.ガス圧による圧縮

原始惑星系円盤で想定される圧力

P � Fdrag

�a2

(圧力) ＝
(ガス抵抗力)

(断面積)

ダストとガスの相対速度
(熱運動、radial drift、乱流など)

→ダストはガスからの抵抗力
を受ける

ガス圧と圧縮強度がつりあう
密度を求める

・ガス圧

・ダスト圧縮強度

A k i m a s a K a t a o k a e t a l . : S t a t i c c o m p r e s s i o n o f p o r o u s d u s t a g g r e g a t e s
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DT model in S12

Fig. 13. S a m e a s F i g u r e 1 2 ,b u t p l o t t e d w i t h l i n e a r s c a l e o f � a n d
r e v e r s a l o f xy a x i s t o c o m p a r e w i t h p r e v i o u s s t u d i e s ( s e e F i g u r e 4 i n
S e i z i n g e r e t a l . ( 2 0 1 2 ) ) . T h e d o t t e d l i n e i s t h e r e s u l t o f n u m e r i c a l s i m -
u l a t i o n s i n t h e h i g h d e n s i t y r e g i o n ( � & 0 . 1 ) i n S e i z i n g e r e t a l . ( 2 0 1 2 )
a n d t h e t h i n s o l i d l i n e i s t h e fi t t i n g f o r m u l a p r o p o s e d b y G ü t t l e r e t a l .
( 2 0 0 9 ) . O u r r e s u l t s c o n s i s t e n t l y c o n n e c t t o t h e p r e v i o u s s i m u l a t i o n s i n
t h e h i g h d e n s i t y r e g i o n .

b y c l u s t e r - c l u s t e r a g g r e g a t i o n . A l a r g e v o i d e x i s t s b e t w e e n t h e
t w o s m a l l e r c l u s t e r s a n d t h e y a r e c o n n e c t e d w i t h o n e c o n n e c t i o n
o f m o n o m e r s i n c o n t a c t ,r e p r e s e n t e d b y d a s h e d l i n e i n t h e r i g h t
p a n e l o f F i g u r e 1 4 . T h e c o m p r e s s i o n o f t h e B C C A c l u s t e r o c -
c u r s b y c r a s h i n g t h e l a r g e v o i d ,w h i c h r e q u i r e s o n l y r o l l i n g o f
t h e m o n o m e r s a t t h e c o n n e c t i o n .

N o w ,l e t u s e s t i m a t e t h e c o m p r e s s i o n s t r e n g t h . I n s t a t i c c o m -
p r e s s i o n ,t h e a g g r e g a t e i s c o m p r e s s e d b y e x t e r n a l p r e s s u r e . E a c h
B C C A c l u s t e r f e e l s a s i m i l a r p r e s s u r e ,P . U s i n g t h e p r e s s u r e ,t h e
f o r c e o n t h e B C C A c l u s t e r i s a p p r o x i m a t e l y g i v e n b y

F ⇠ P · r 2
B C C A . ( 3 0 )

S i n c e t h e c r a s h i n g o f t h e l a r g e v o i d i s a c c o m p a n i e d b y r o l l i n g o f
a p a i r o f m o n o m e r s i n c o n t a c t ,t h e w o r k r e q u i r e d f o r t h e c r a s h -
i n g i s g i v e n b y s o - c a l l e d t h e r o l l i n g e n e r g y o f m o n o m e r s ,E r o l l
( D o m i n i k & T i e l e n s ( 1 9 9 7 ) o r s e e E q u a t i o n ( 1 ) f o r i t s d e fi n i -
t i o n ) . T h e r e f o r e ,t h e r e q u i r e d f o r c e t o c o m p r e s s t h e a g g r e g a t e
s a t i s fi e s ,

F · rB C C A ⇠ E r o l l . ( 3 1 )

S u b s t i t u t i n g E q u a t i o n ( 3 0 ) ,w e f u r t h e r o b t a i n t h e r e q u i r e d p r e s -
s u r e t o c o m p r e s s t h e a g g r e g a t e a s

P ⇠ E r o l l

r

3
B C C A

. ( 3 2 )

T h e r a d i u s o f t h e B C C A c l u s t e r s c a n b e w r i t t e n b y u s i n g t h e
p h y s i c a l v a l u e s o f t h e w h o l e a g g r e g a t e . T h e i n t e r n a l d e n s i t y o f
t h e B C C A c l u s t e r i s d e p e n d e n t o n i t s r a d i u s . T h e B C C A c l u s t e r
h a s t h e f r a c t a l d i m e n s i o n o f 2 ,a n d i t s r a d i u s i s a p p r o x i m a t e l y
g i v e n b y r B C C A = N

1 /2
r0 ,w h e r e N i s t h e n u m b e r o f c o n s t i t u e n t

m o n o m e r s i n t h e B C C A s u b c l u s t e r . T h e i n t e r n a l d e n s i t y o f t h e
B C C A c l u s t e r i s e v a l u a t e d a s

⇢ ⇠ Nm0

r

3
B C C A

⇠
 

rB C C A

r 0

!� 1

⇢0 . ( 3 3 )

U s i n g e q u a t i o n s ( 3 2 ) a n d ( 3 3 ) ,w e fi n a l l y o b t a i n t h e r e q u i r e d
p r e s s u r e ( o r t h e c o m p r e s s i o n s t r e n g t h ) a s

P ⇠ E r o l l

r

3
0

 
⇢

⇢0

!3

. ( 3 4 )

T h i s i s t h e s a m e a s E q u a t i o n ( 2 5 ) o b t a i n e d f r o m o u r n u m e r i c a l
s i m u l a t i o n s .

5. Summary

W e i n v e s t i g a t e t h e s t a t i c c o m p r e s s i o n s t r e n g t h o f h i g h l y p o r o u s
d u s t a g g r e g a t e s ,w h o s e fi l l i n g f a c t o r � i s l o w e r t h a n 0 . 1 . W e
p e r f o r m n u m e r i c a l N - b o d y s i m u l a t i o n s o f s t a t i c c o m p r e s s i o n o f
h i g h l y p o r o u s d u s t a g g r e g a t e s . T h e i n i t i a l d u s t a g g r e g a t e i s a s -
s u m e d t o b e a B C C A c l u s t e r . T h e p a r t i c l e - p a r t i c l e i n t e r a c t i o n
m o d e l i s b a s e d o n D o m i n i k & T i e l e n s ( 1 9 9 7 ) a n d W a d a e t a l .
( 2 0 0 7 ) . W e i n t r o d u c e a n e w m e t h o d f o r c o m p r e s s i o n . W e a d o p t
t h e p e r i o d i c b o u n d a r y c o n d i t i o n i n o r d e r t o c o m p r e s s t h e d u s t a g -
g r e g a t e u n i f o r m l y a n d n a t u r a l l y . B e c a u s e o f t h e p e r i o d i c b o u n d -
a r y c o n d i t i o n ,t h e d u s t a g g r e g a t e i n c o m p u t a t i o n a l r e g i o n r e p -
r e s e n t s a p a r t o f a l a r g e a g g r e g a t e ,a n d t h u s w e c a n i n v e s t i g a t e
t h e c o m p r e s s i o n o f a l a r g e a g g r e g a t e . T h e p e r i o d i c b o u n d a r i e s
m o v e t o w a r d t h e c e n t e r a n d t h e d i s t a n c e b e t w e e n t h e b o u n d a r i e s
b e c o m e s s m a l l . T o m e a s u r e t h e p r e s s u r e o f t h e a g g r e g a t e ,w e
a d o p t a s i m i l a r m a n n e r u s e d i n m o l e c u l a r d y n a m i c s s i m u l a t i o n s .
A s a r e s u l t o f t h e n u m e r i c a l s i m u l a t i o n s ,o u r m a i n fi n d i n g s a r e
a s f o l l o w s .

– T h e c o m p r e s s i o n s t r e n g t h c a n b e w r i t t e n a s

P =
E r o l l

r

3
0

� 3 , ( 3 5 )

w h e r e E r o l l i s t h e r o l l i n g e n e r g y o f m o n o m e r p a r t i c l e s ,r0 i s
t h e m o n o m e r r a d i u s ,a n d � i s t h e fi l l i n g f a c t o r . W e d e fi n e
t h e fi l l i n g f a c t o r a s � = ⇢/⇢0 ,w h e r e ⇢ i s t h e m a s s d e n s i t y
o f t h e w h o l e a g g r e g a t e ,a n d ⇢0 i s t h e m a t e r i a l m a s s d e n s i t y .
E q u a t i o n ( 3 5 ) i s i n d e p e n d e n t o f t h e n u m e r i c a l p a r a m e t e r s ;
t h e n u m b e r o f p a r t i c l e s ,t h e s i z e o f t h e i n i t i a l B C C A c l u s t e r ,
t h e b o u n d a r y s p e e d ,t h e n o r m a l d a m p i n g f o r c e . W e c o n fi r m
t h a t E q u a t i o n ( 3 5 ) i s a p p l i c a b l e i n d i ↵ e r e n t E r o l l a n d r 0 . W e
a l s o a n a l y t i c a l l y c o n fi r m E q u a t i o n ( 3 5 ) .

– E q u a t i o n ( 3 5 ) i s v a l i d w h e r e � . 0 . 1 i n t h e h i g h d e n s i t y
r e g i o n . I n t h e l o w d e n s i t y r e g i o n ,w e c o n fi r m t h a t E q u a t i o n
( 3 5 ) i s v a l i d f o r � & 1 0 � 3 i n t h e c a s e o f N = 1 6 3 8 4 . F r o m t h e
r e s u l t s o f d i ↵e r e n t i n i t i a l s i z e s o f t h e a g g r e g a t e s ,E q u a t i o n
( 3 5 ) i s v a l i d i n t h e l o w e r d e n s i t y r e g i o n i n t h e c a s e o f t h e
l a r g e r a g g r e g a t e s .

– T h e i n i t i a l B C C A c l u s t e r h a s a f r a c t a l d i m e n s i o n o f 2 i n
t h e r a d i u s o f t h e c l u s t e r ,a l t h o u g h t h e w h o l e a g g r e g a t e h a s
a f r a c t a l d i m e n s i o n o f 3 b e c a u s e o f t h e p e r i o d i c b o u n d a r y .
A s c o m p r e s s i o n p r o c e e d s ,t h e f r a c t a l d i m e n s i o n i n s i d e t h e
r a d i u s o f t h e i n i t i a l B C C A c l u s t e r b e c o m e s 3 ,w h i l e t h e f r a c -
t a l d i m e n s i o n i n s m a l l e r s c a l e k e e p s b e i n g 2 . T h i s m e a n s
t h a t t h e i n i t i a l s e t u p ,w h i c h i s t h a t f r a c t a l d i m e n s i o n i n l a r g e
s c a l e i s 3 a n d t h a t i n s m a l l s c a l e i s 2 ,w e l l r e p r o d u c e t h e
s t r u c t u r e o f a d u s t a g g r e g a t e i n s t a t i c c o m p r e s s i o n a s a c o n -
s e q u e n c e . T h i s a l s o s u p p o r t s t h e f a c t t h a t t h e c o m p r e s s i o n
s t r e n g t h i s d e t e r m i n e d b y B C C A s t r u c t u r e s i n a s m a l l s c a l e .

– T h e s t a t i c c o m p r e s s i o n i n t h e h i g h d e n s i t y r e g i o n ( � & 0 .1 )
h a s b e e n i n v e s t i g a t e d i n s i l i c a t e c a s e i n p r e v i o u s s t u d i e s
( S e i z i n g e r e t a l . 2 0 1 2 ) . W e p e r f o r m t h e n u m e r i c a l s i m u l a -
t i o n s i n s i l i c a t e c a s e a n d c o n fi r m t h a t o u r r e s u l t s a r e c o n s i s -
t e n t w i t h t h a t o f p r e v i o u s s t u d i e s i n t h e h i g h d e n s i t y r e g i o n .

A r t i c l e n u m b e r ,p a g e 1 1 o f 1 2

(a) Hit-and-stick

(b) Collisional compression

(c) Gas compression

(d) Self-gravitational compression

gas flow

gravitational force
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原始惑星系円盤で想定される圧力

(圧力) ＝
(自己重力)
(断面積)

ダストが重くなると自身の
重力で構造が潰れる 自己重力と圧縮強度がつりあう

密度を求める

・自己重力

・ダスト圧縮強度

A k i m a s a K a t a o k a e t a l . : S t a t i c c o m p r e s s i o n o f p o r o u s d u s t a g g r e g a t e s
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Fig. 13. S a m e a s F i g u r e 1 2 ,b u t p l o t t e d w i t h l i n e a r s c a l e o f � a n d
r e v e r s a l o f xy a x i s t o c o m p a r e w i t h p r e v i o u s s t u d i e s ( s e e F i g u r e 4 i n
S e i z i n g e r e t a l . ( 2 0 1 2 ) ) . T h e d o t t e d l i n e i s t h e r e s u l t o f n u m e r i c a l s i m -
u l a t i o n s i n t h e h i g h d e n s i t y r e g i o n ( � & 0 . 1 ) i n S e i z i n g e r e t a l . ( 2 0 1 2 )
a n d t h e t h i n s o l i d l i n e i s t h e fi t t i n g f o r m u l a p r o p o s e d b y G ü t t l e r e t a l .
( 2 0 0 9 ) . O u r r e s u l t s c o n s i s t e n t l y c o n n e c t t o t h e p r e v i o u s s i m u l a t i o n s i n
t h e h i g h d e n s i t y r e g i o n .

b y c l u s t e r - c l u s t e r a g g r e g a t i o n . A l a r g e v o i d e x i s t s b e t w e e n t h e
t w o s m a l l e r c l u s t e r s a n d t h e y a r e c o n n e c t e d w i t h o n e c o n n e c t i o n
o f m o n o m e r s i n c o n t a c t ,r e p r e s e n t e d b y d a s h e d l i n e i n t h e r i g h t
p a n e l o f F i g u r e 1 4 . T h e c o m p r e s s i o n o f t h e B C C A c l u s t e r o c -
c u r s b y c r a s h i n g t h e l a r g e v o i d ,w h i c h r e q u i r e s o n l y r o l l i n g o f
t h e m o n o m e r s a t t h e c o n n e c t i o n .

N o w ,l e t u s e s t i m a t e t h e c o m p r e s s i o n s t r e n g t h . I n s t a t i c c o m -
p r e s s i o n ,t h e a g g r e g a t e i s c o m p r e s s e d b y e x t e r n a l p r e s s u r e . E a c h
B C C A c l u s t e r f e e l s a s i m i l a r p r e s s u r e ,P . U s i n g t h e p r e s s u r e ,t h e
f o r c e o n t h e B C C A c l u s t e r i s a p p r o x i m a t e l y g i v e n b y

F ⇠ P · r 2
B C C A . ( 3 0 )

S i n c e t h e c r a s h i n g o f t h e l a r g e v o i d i s a c c o m p a n i e d b y r o l l i n g o f
a p a i r o f m o n o m e r s i n c o n t a c t ,t h e w o r k r e q u i r e d f o r t h e c r a s h -
i n g i s g i v e n b y s o - c a l l e d t h e r o l l i n g e n e r g y o f m o n o m e r s ,E r o l l
( D o m i n i k & T i e l e n s ( 1 9 9 7 ) o r s e e E q u a t i o n ( 1 ) f o r i t s d e fi n i -
t i o n ) . T h e r e f o r e ,t h e r e q u i r e d f o r c e t o c o m p r e s s t h e a g g r e g a t e
s a t i s fi e s ,

F · rB C C A ⇠ E r o l l . ( 3 1 )

S u b s t i t u t i n g E q u a t i o n ( 3 0 ) ,w e f u r t h e r o b t a i n t h e r e q u i r e d p r e s -
s u r e t o c o m p r e s s t h e a g g r e g a t e a s

P ⇠ E r o l l

r

3
B C C A

. ( 3 2 )

T h e r a d i u s o f t h e B C C A c l u s t e r s c a n b e w r i t t e n b y u s i n g t h e
p h y s i c a l v a l u e s o f t h e w h o l e a g g r e g a t e . T h e i n t e r n a l d e n s i t y o f
t h e B C C A c l u s t e r i s d e p e n d e n t o n i t s r a d i u s . T h e B C C A c l u s t e r
h a s t h e f r a c t a l d i m e n s i o n o f 2 ,a n d i t s r a d i u s i s a p p r o x i m a t e l y
g i v e n b y r B C C A = N

1 /2
r0 ,w h e r e N i s t h e n u m b e r o f c o n s t i t u e n t

m o n o m e r s i n t h e B C C A s u b c l u s t e r . T h e i n t e r n a l d e n s i t y o f t h e
B C C A c l u s t e r i s e v a l u a t e d a s

⇢ ⇠ Nm0

r

3
B C C A

⇠
 

rB C C A

r 0

!� 1

⇢0 . ( 3 3 )

U s i n g e q u a t i o n s ( 3 2 ) a n d ( 3 3 ) ,w e fi n a l l y o b t a i n t h e r e q u i r e d
p r e s s u r e ( o r t h e c o m p r e s s i o n s t r e n g t h ) a s

P ⇠ E r o l l

r

3
0

 
⇢

⇢0

!3

. ( 3 4 )

T h i s i s t h e s a m e a s E q u a t i o n ( 2 5 ) o b t a i n e d f r o m o u r n u m e r i c a l
s i m u l a t i o n s .

5. Summary

W e i n v e s t i g a t e t h e s t a t i c c o m p r e s s i o n s t r e n g t h o f h i g h l y p o r o u s
d u s t a g g r e g a t e s ,w h o s e fi l l i n g f a c t o r � i s l o w e r t h a n 0 . 1 . W e
p e r f o r m n u m e r i c a l N - b o d y s i m u l a t i o n s o f s t a t i c c o m p r e s s i o n o f
h i g h l y p o r o u s d u s t a g g r e g a t e s . T h e i n i t i a l d u s t a g g r e g a t e i s a s -
s u m e d t o b e a B C C A c l u s t e r . T h e p a r t i c l e - p a r t i c l e i n t e r a c t i o n
m o d e l i s b a s e d o n D o m i n i k & T i e l e n s ( 1 9 9 7 ) a n d W a d a e t a l .
( 2 0 0 7 ) . W e i n t r o d u c e a n e w m e t h o d f o r c o m p r e s s i o n . W e a d o p t
t h e p e r i o d i c b o u n d a r y c o n d i t i o n i n o r d e r t o c o m p r e s s t h e d u s t a g -
g r e g a t e u n i f o r m l y a n d n a t u r a l l y . B e c a u s e o f t h e p e r i o d i c b o u n d -
a r y c o n d i t i o n ,t h e d u s t a g g r e g a t e i n c o m p u t a t i o n a l r e g i o n r e p -
r e s e n t s a p a r t o f a l a r g e a g g r e g a t e ,a n d t h u s w e c a n i n v e s t i g a t e
t h e c o m p r e s s i o n o f a l a r g e a g g r e g a t e . T h e p e r i o d i c b o u n d a r i e s
m o v e t o w a r d t h e c e n t e r a n d t h e d i s t a n c e b e t w e e n t h e b o u n d a r i e s
b e c o m e s s m a l l . T o m e a s u r e t h e p r e s s u r e o f t h e a g g r e g a t e ,w e
a d o p t a s i m i l a r m a n n e r u s e d i n m o l e c u l a r d y n a m i c s s i m u l a t i o n s .
A s a r e s u l t o f t h e n u m e r i c a l s i m u l a t i o n s ,o u r m a i n fi n d i n g s a r e
a s f o l l o w s .

– T h e c o m p r e s s i o n s t r e n g t h c a n b e w r i t t e n a s

P =
E r o l l

r

3
0

� 3 , ( 3 5 )

w h e r e E r o l l i s t h e r o l l i n g e n e r g y o f m o n o m e r p a r t i c l e s ,r0 i s
t h e m o n o m e r r a d i u s ,a n d � i s t h e fi l l i n g f a c t o r . W e d e fi n e
t h e fi l l i n g f a c t o r a s � = ⇢/⇢0 ,w h e r e ⇢ i s t h e m a s s d e n s i t y
o f t h e w h o l e a g g r e g a t e ,a n d ⇢0 i s t h e m a t e r i a l m a s s d e n s i t y .
E q u a t i o n ( 3 5 ) i s i n d e p e n d e n t o f t h e n u m e r i c a l p a r a m e t e r s ;
t h e n u m b e r o f p a r t i c l e s ,t h e s i z e o f t h e i n i t i a l B C C A c l u s t e r ,
t h e b o u n d a r y s p e e d ,t h e n o r m a l d a m p i n g f o r c e . W e c o n fi r m
t h a t E q u a t i o n ( 3 5 ) i s a p p l i c a b l e i n d i ↵ e r e n t E r o l l a n d r 0 . W e
a l s o a n a l y t i c a l l y c o n fi r m E q u a t i o n ( 3 5 ) .

– E q u a t i o n ( 3 5 ) i s v a l i d w h e r e � . 0 . 1 i n t h e h i g h d e n s i t y
r e g i o n . I n t h e l o w d e n s i t y r e g i o n ,w e c o n fi r m t h a t E q u a t i o n
( 3 5 ) i s v a l i d f o r � & 1 0 � 3 i n t h e c a s e o f N = 1 6 3 8 4 . F r o m t h e
r e s u l t s o f d i ↵e r e n t i n i t i a l s i z e s o f t h e a g g r e g a t e s ,E q u a t i o n
( 3 5 ) i s v a l i d i n t h e l o w e r d e n s i t y r e g i o n i n t h e c a s e o f t h e
l a r g e r a g g r e g a t e s .

– T h e i n i t i a l B C C A c l u s t e r h a s a f r a c t a l d i m e n s i o n o f 2 i n
t h e r a d i u s o f t h e c l u s t e r ,a l t h o u g h t h e w h o l e a g g r e g a t e h a s
a f r a c t a l d i m e n s i o n o f 3 b e c a u s e o f t h e p e r i o d i c b o u n d a r y .
A s c o m p r e s s i o n p r o c e e d s ,t h e f r a c t a l d i m e n s i o n i n s i d e t h e
r a d i u s o f t h e i n i t i a l B C C A c l u s t e r b e c o m e s 3 ,w h i l e t h e f r a c -
t a l d i m e n s i o n i n s m a l l e r s c a l e k e e p s b e i n g 2 . T h i s m e a n s
t h a t t h e i n i t i a l s e t u p ,w h i c h i s t h a t f r a c t a l d i m e n s i o n i n l a r g e
s c a l e i s 3 a n d t h a t i n s m a l l s c a l e i s 2 ,w e l l r e p r o d u c e t h e
s t r u c t u r e o f a d u s t a g g r e g a t e i n s t a t i c c o m p r e s s i o n a s a c o n -
s e q u e n c e . T h i s a l s o s u p p o r t s t h e f a c t t h a t t h e c o m p r e s s i o n
s t r e n g t h i s d e t e r m i n e d b y B C C A s t r u c t u r e s i n a s m a l l s c a l e .

– T h e s t a t i c c o m p r e s s i o n i n t h e h i g h d e n s i t y r e g i o n ( � & 0 .1 )
h a s b e e n i n v e s t i g a t e d i n s i l i c a t e c a s e i n p r e v i o u s s t u d i e s
( S e i z i n g e r e t a l . 2 0 1 2 ) . W e p e r f o r m t h e n u m e r i c a l s i m u l a -
t i o n s i n s i l i c a t e c a s e a n d c o n fi r m t h a t o u r r e s u l t s a r e c o n s i s -
t e n t w i t h t h a t o f p r e v i o u s s t u d i e s i n t h e h i g h d e n s i t y r e g i o n .

A r t i c l e n u m b e r ,p a g e 1 1 o f 1 2

2.自己重力による圧縮
P � Fgrav

�a2

A&A 557, L4 (2013)

(a) Hit-and-stick

(b) Collisional compression

(c) Gas compression

(d) Self-gravitational compression

gas flow

gravitational force

Fig. 1. Schematic drawing to illustrate dust growth via fluffy aggregates.
a) The dust aggregate hits another aggregate to be stick. This reduces
dust density and occurs in a very early stage of dust growth. b) When the
collisional speed is high enough to disrupt the dust aggregates, they are
compressed. c) Dust aggregates have a velocity difference against gas,
and they feel the ram pressure by the gas. The ram pressure statically
compresses the dust aggregates. d) When the dust aggregates become
so massive that they do not support their structure, they are compressed
by their own self-gravity.

2. Method

The compressive strength of a highly porous dust aggregate, P,
is given by (Kataoka et al. 2013)

P =
Eroll

r3
0

(
ρ

ρ0

)3

, (1)

where ρ is the mean internal density of the dust aggregate, r0
the monomer radius, ρ0 the material density, and Eroll the rolling
energy, which is the energy for rolling a particle over a quar-
ter of the circumference of another particle (Dominik & Tielens
1997; Wada et al. 2007). In this paper, we adopt ρ0 = 1.0 g/cm3,
r0 = 0.1 µm, and Eroll = 4.74×10−9 erg, which correspond to icy
particles. Eroll is proportional to the critical displacement, which
has an uncertainty from 2 Å to 30 Å (Dominik & Tielens 1997;
Heim et al. 1999). For later discussion, we note that the dust den-
sity is proportional to E1/3

roll and thus the uncertainty little affects
the resulting dust density.

When a dust aggregate feels a pressure that is higher than
its compressive strength, the aggregate is quasi-statically com-
pressed until its strength equals the pressure. We define the dust
internal density where the compressive strength equals a given

pressure as an equilibrium density ρeq. Using Eq. (1), we
obtain ρeq as

ρeq =




r3
0

Eroll
P




1/3

ρ0. (2)

We consider a source of the pressure to be ram pressure of the
disk gas or self-gravity of the aggregate.

We obtain ram pressure of the disk gas as follows. We con-
sider a dust aggregate of mass m and radius r, which is moving
in the disk gas with velocity v against the gas. The pressure Pgas
against the aggregate can be defined as the gas drag force di-
vided by the geometrical cross section: Pgas ≡ Fdrag/A, where
Fdrag = mv/ts, A = πr2, and ts is the stopping time of the aggre-
gate. While the pressure has both compressive and tensile com-
ponents, we assume that the pressure is compressive. Thus, we
obtain the pressure as

Pgas =
mv
πr2

1
ts
· (3)

The typical gas drag law is adopted to obtain ts and v. The gas
drag law is the Epstein regime, when the dust radius is less than
4/9 times the mean free path of gas. On the other hand, it is
the Stokes regime if the Reynolds number is less than unity (see
Eq. (4) in Okuzumi et al. 2012, for example). When the Reynolds
number exceeds unity, the gas drag law changes as a function
of Reynolds number (see Eqs. (8a) to (8c) in Weidenschilling
1977). The drag force is determined by the relative velocity of
the gas and dust. The relative velocity is induced by Brownian
motion, radial drift, azimuthal drift, and turbulence. We use the
closed formula of the turbulence model (Ormel & Cuzzi 2007)
and assume the turbulent parameter αD = 10−3, except for the
strong turbulence case, where αD = 10−2.

We assume the minimum mass solar nebula (MMSN), which
was constructed based on our solar system (Hayashi 1981).
At a radial distance R from the central star, the gas-surface
density profile is 1700 g/cm2 × (R/1 AU)−1.5 and the dust-
to-gas mass ratio is 0.01. The temperature profile adopted is
137 K × (R/1 AU)−3/7, which corresponds to midplane temper-
ature (Chiang et al. 2001). This is cooler than optically thin disk
models to focus on the dust coagulation in the midplane.

We also calculate the self-gravitational pressure as follows.
Although the gravitational pressure has distribution in the ag-
gregates, we simply assume a uniform pressure inside the aggre-
gates. We define the force on the dust aggregates as F = Gm2/r2,
and the area A = πr2. Thus, the self-gravitational pressure is

Pgrav =
Gm2

πr4 · (4)

We note that the equilibrium density of self-gravitational com-
pression depends only on dust mass and internal density and not
on the disk properties.

3. Results

First, we calculate the equilibrium density of dust aggregates in a
wide range in mass, where their compressive strength is equal to
the gas or self-gravitational pressure. Figure 2 shows the equi-
librium dust density against dust mass at 5 AU in the disk. If
the gas or self-gravitational pressure is higher than the compres-
sive strength, the dust aggregate is compressed to achieve the
equilibrium density because the strength is higher in denser dust

L4, page 2 of 4
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The Astrophysical Journal, 744:162 (14pp), 2012 January 10 Andrews et al.

Figure 4. Comparison of the model structures in Table 2 with observations of the dust continuum emission from the TW Hya disk, including the 870 µm visibility
profile (top, with a zoomed-in view of the emission on longer baselines in the middle) and SED (bottom). The similarity solution surface density models (Equation (2))
are shown on the left, and the power-law models with sharp outer edges (Equation (3)) are shown on the right. The model SEDs are essentially indistinguishable, but
there are clear differences in the 870 µm radial emission profiles. The overall best match to the continuum emission is Model pC that has a density gradient p = 0.75
and a sharp outer edge at r0 = 60 AU (for the similarity solution models, the best match is Model sC).
(A color version of this figure is available in the online journal.)

of any kind, the disagreement was understandably dismissed.
As might be expected from its assumption of a “steady”
accretion disk structure (i.e., with a large, positive surface
density gradient), the Calvet et al. (2002) model exhibits the
same type of behavior as Models sA/B or pA/B: it agrees with
the data on large scales (<100 kλ), but significantly overpredicts
the amount of emission on smaller scales. The same is true
for the parametric similarity solution models (where γ ≈ 1)
explored by Hughes et al. (2008, 2011), and would certainly
apply to the analogous models developed by Thi et al. (2010)

and Gorti et al. (2011). All of this previous modeling work
admirably reproduces the extended molecular line emission that
is observed, and in many cases the SED and millimeter-wave
continuum emission on large angular scales as well. It is only in
the sensitive, high angular resolution data presented here that we
recognize a problem: the radial distribution of the millimeter-
sized dust grains is much more compact than for the CO.

Unlike the thermal radiation at millimeter wavelengths, the
optical and near-infrared light that scatters off small (!1 µm)
grains in the TW Hya disk surface is detected out to large

9

TW Hya

原始惑星系円盤の観測
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cf) Andrews et al. 2012
0.1μm 1km 102-4km
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中心星
円盤

AA48CH07-Dullemond ARI 16 July 2010 20:8

1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge

0.03 AU 0.1 .. 1 AU

100 AU

Pure gas disk
Outer disk
(mass reservoir)

Magnetospheric
accretion

Near-IR interferometry

Mid-IR interferometry

Direct imaging (HST or 8-meter ground-based)

ALMA

UV continuum,
H-recombination lines

Near-IR continuum
(origin unclear so far)
+ atomic lines (Br–γ)

 + occasional molecular 
lines (H2O, CO, OH)

Near-IR dust
continuum

Mid-IR:
dust continuum

+ molecular lines
(H2O, CO2, ... )

(Sub)millimeter:
dust continuum

+ molecular rot-lines

Dust inner rim Planet-forming
region

10 AU

Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.

206 Dullemond · Monnier

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

10
.4

8:
20

5-
23

9.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 K

yo
to

 U
ni

ve
rs

ity
 - 

EB
V

C 
an

d 
BI

O
M

ED
 M

ul
ti-

sit
e 

on
 0

4/
25

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

中心星

10AU

MIR
ミリ波/サブミリ波

NIR
100AU

1AU

ミリ波/サブミリ波 : 光学的
に薄くダスト進化を反映

cf) Dullemond and Monnier 2010



片岡章雅 16

10-4

10-3

10-2

10-1

100

101

102

103

104

105

10-4 10-3 10-2 10-1 100 101

κ
a

b
s 

[c
m

2
/g

]

λ [cm]

(b) compact

a=0.1 µm, f=1
a=1 µm, f=1

a=10 µm, f=1
a=100 µm, f=1

a=1 mm, f=1

ダスト成長とオパシティ進化

a=1mm
a=100μm

a=0.1μm

a=10 μm

1. 成長とともに
κが下がる (短波長)

2. 成長とともに
傾きが変化 (長波長)
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Fig. 3. Millimeter dust opacity for the adopted dust model. Left top panel: dust opacity at 1 mm as a function of amax for a grain size distribution
n(a) ∝ a−q between amin = 0.1 µm and amax. Different curves are for different values of q, as labelled. The dust grains adopted here are porous
composite spheres made of astronomical silicates (≈10% in volume), carbonaceous materials (≈20%) and water ice (≈30%; see text for the
references to the optical constants). Left bottom panel: β between 1 and 3 mm as a function of amax for the same grain distributions. Right panel:
dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.

in the midplane in a protoplanetary disk is much higher than in
the surface. At millimeter wavelengths, where the disk is mostly
optically thin to its own radiation, the midplane total emission
dominates over that of the surface (although the surface dust
plays a crucial role for the heating of the disk). As a conse-
quence, we can extract information from our analysis only on
the dust opacity of the midplane, and so when we consider the
dust opacity we will refer only to the midplane component for
the rest of the paper.

For the dust grains in the disk surface we assumed the same
chemical composition and shape as for the midplane grains,
while we assumed for their size distribution for amin and amax
values around 0.1 µm (the sub-mm SED is insensitive to these
values as long as amax in the surface is much lower than amax in
the midplane, as expected if dust settling is important).

Once the chemical composition and shape of the dust grains
in the midplane are set, the dust opacity law depends on amin,
amax and q. Considering a value of 0.1 µm for amin (the depen-
dence of the millimeter dust opacity from this parameter turns
out to be very weak), the model parameters for our analysis are
the stellar parameters (L", Teff , M"), which have been set and
listed in Table 2, plus those of the disk (Σdust,1, p, Rout, q, amax),
or equivalently (Mdust, p, q, amax, Rout) where Mdust is the mass
of dust in the disk.

For reasons described in Sect. 4 it is convenient to approx-
imate the millimeter dust opacity law discussed so far in terms
of a power-law at millimeter wavelengths κ = κ1mm(λ/1 mm)−β,
with κ1 mm in units of cm2 per gram of dust. At a fixed value
of q the relations between κ1 mm, β and amax can be determined.
These are shown in Fig. 3 for q = 2.5, 3, 3.5, 4.

4. Results

The sub-mm/mm SED fits for all the objects in our sample
are reported in Fig. 46. As discussed in Testi et al. (2003) and

6 We did not include existing NIR and mid-IR data in our analysis be-
cause at these shorter wavelengths the disk emission is optically thick

Natta et al. (2004), the only quantities that can be constrained
by the sub-mm/mm SED are the millimeter dust opacity spec-
tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
very flat (p = 0.5) or very steep (p = 2) surface density pro-
files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
2009).

The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
tially resolved and unmapped disks respectively. These uncer-
tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
are reported in Table 5.

4.1. Spectral slopes and dust opacity index

Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large

and thus depends on the properties of the dust grains located in the sur-
face layers of the inner disk regions. The aim of our analysis is instead
to probe the optically thin disk emission to investigate the dust proper-
ties in the disk midplane.
7 Note that according to the adopted disk model the midplane tempera-
ture is well constrained after fixing the stellar parameters and these two
quantities from the observed SED.
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dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.
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tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
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files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
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The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
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tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
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Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large
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β - amax (Ricci et al. 2010a)

原始惑星系円盤のダスト : β ~ 0-1
(e.g., Kitamura et al. 2002, Andrews & Williams 
2005)

⇒原始惑星系円盤におい
て、ダストは~1mmサイズ
以上に成長している

abs = ���β:

Fig. 5.— Top: Spectral index between 1.1 and 3 mm plot-
ted against the flux at 1.1 mm (scaled for a common distance
of 140 pc) for disks around single stars (or wide binaries)
with spectral types early M to K in nearby star forming re-
gions. The dashed lines mark the typical sensitivity limits
of the surveys in Taurus, Ophiuchus, Lupus, Chamaeleon
and Orion Nebula Cluster. Bottom: The grey area illustrate
the range of predictions for global dust evolution models
without radial drift (Birnstiel et al., 2010b), the two arrows
illustrate the evolutionary trajectories in the first few mil-
lion years as predicted by the global models including the
effect of radial drift (solid line) and including pressure traps
in the gas distribution to slow the rate of drift (dashed line,
Pinilla et al., 2012b).

2010b), as can be seen by the fragmentation and drift lim-
ited growth in Equations 8 and 9, which show that the max-
imum grain size depend on the dust and gas surface density,
respectively.

Pinilla et al. (2012b) investigated the effect of time evo-
lution on these modeling results, finding that while the ra-
dial drift process would progressively reduce the disk mass,
evolving over a few Ma the models to lower 1 mm fluxes,
the drift and fragmentation processes will more efficiently
remove the large grains from the disk, resulting in a steep
increase of ↵ which would not be consistent with the ob-
servations. Pinilla et al. (2012b) showed that the drift of
large particles needs to be slowed down, but not halted com-
pletely, in order to explain the observed distribution in a
framework of disk evolution. In this context, it is important
to point out that no correlation has so far been found be-
tween individual stellar ages and ↵ (e.g. Ricci et al., 2010a).

Several mechanisms have been proposed to slow down
the radial drift of large grains. For example in MHD sim-
ulations of disks with zonal flows (Johansen and Klahr,
2005; Johansen et al., 2009; Uribe et al., 2011), the pres-
sure field in the disk would be modified and this may be
a viable mechanism to create local pressure maxima that
could efficiently trap large grains. Another possibility that
has been explored by some authors is that very large grains
are injected very early in the outer disk, then their migra-
tion is impaired as they are decoupled from the gas (e.g.
Laibe et al., 2012). This scenario would require the forma-
tion of very large (cm-size) grains in cores and protostellar
envelopes before disk formation, or an extremely efficient
growth in very massive (young) disks. These hypothesis
have not yet been modeled in detail to explore their feasi-
bility.

An important prediction of models of dust evolution in
gaseous disks is that grains are expected to grow to a maxi-
mum size that depends on the local density of gas and dust
(e.g. Birnstiel et al., 2009). Therefore, larger values for
the mm spectral indices should be expected for disks with
lower flux at 1 mm, i.e. lower mass in dust and presumably
lower densities as well. An extreme example of such sys-
tems could be disks around young brown dwarfs, if they are
sufficiently large that the surface density is low. Initial mea-
surements of these systems have confirmed the presence of
large grains and relatively large radii (Ricci et al., 2012a,
2013). In spite of the very low millimeter fluxes and esti-
mated low dust mass, the mm spectral indices measured for
the disks of ⇢�Oph 102 and 2M0444+2512 are as low as
for the bulk of the T Tauri stars, taken together with the in-
formation on the disk spatial extent from the interferometric
observations Ricci et al. (2012a, 2013) constrain a value of
� ⇡ 0.5 for both these brown dwarf disks.

Pinilla et al. (2013) and Meru et al. (2013) have inves-
tigated in detail the grain growth process in brown dwarf
disks, showing that it is indeed possible to have grain
growth and explain the values of millimeter flux and spec-
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β≈α-2
Testi et al. 2014

cf) 星間空間のダスト：β ~ 2
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1mmのダスト？
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低密度ダストアグリゲイトで観測を説明できるか？
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手法 : Mie計算 with 有効媒質理論

実効的半径 a

アグリゲイトを半径a, 有効屈折率 をもつ一様球と近似
(=有効媒質理論 cf. Miyake & Nakagawa 1993)

a

充填率 : f

屈折率 m’ = m’ (m,f)

組成：H2O氷, シリケイト, 有機物
の混合物 (Pollack et al. 1994)

屈折率 : m = n + ik
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結果:低密度アグリゲイトのオパシティ
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⇒ af 一定なら mass-to-area ratio 一定

ダスト半径 a
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吸収断面積はafによって特徴付けられる
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結果:低密度アグリゲイトのオパシティ

A. Kataoka et al.: Opacity of fluffy dust aggregates

f

a [cm]

(a)

af=1µm
af=10µm

af=100µm
af=1mm

af=1cm

10-4

10-3

10-2

10-1

100

10-4 10-2 100 102 104 10-4

10-3

10-2

10-1

100

101

102

103

104

105

100 101 102 103 104 105

κ a
bs

 [c
m

2  g
-1

]

λ [µm]

(b) af = 1 µm

f=100

f=10-1

f=10-2

f=10-3

f=10-4

10-4

10-3

10-2

10-1

100

101

102

103

104

105

100 101 102 103 104 105

κ a
bs

 [c
m

2  g
-1

]

λ [µm]

(c) af = 10 µm

f=100

f=10-1

f=10-2

f=10-3

f=10-4

10-4

10-3

10-2

10-1

100

101

102

103

104

105

100 101 102 103 104 105

κ a
bs

 [c
m

2  g
-1

]

λ [µm]

(d) af = 100 µm

f=100

f=10-1

f=10-2

f=10-3

f=10-4

10-4

10-3

10-2

10-1

100

101

102

103

104

105

100 101 102 103 104 105

κ a
bs

 [c
m

2  g
-1

]

λ [µm]

(e) af = 1 mm

f=100

f=10-1

f=10-2

f=10-3

f=10-4

10-4

10-3

10-2

10-1

100

101

102

103

104

105

100 101 102 103 104 105

κ a
bs

 [c
m

2  g
-1

]

λ [µm]

(f) af = 1 cm

f=100

f=10-1

f=10-2

f=10-3

f=10-4

Fig. 3. Absorption mass opacity in cases of different a f . a) Parameter space of f and a in the cases of b) to f). The mass opacities are shown in the
cases of b) a f = 1 µm, c) a f = 10 µm, d) a f = 100 µm, e) a f = 1 mm, and f) a f = 10 mm.

suggests that the scattering mass opacity is not characterized by
a f at the longer wavelengths. At the shorter wavelengths, the
mass opacity corresponds to the geometric cross section. In the
compact case, the mass opacity scales as λ−4 at the longer wave-
lengths. On the other hand, in the fluffy case, the mass opacity
scales as λ−2 at the inter mediate wavelengths, then scales as λ−4

at the longer wavelengths. We will come back to this point with
a physical explanation in Sect. 4.

As shown in Fig. 4, the scattering mass opacity of the fluffy
aggregates is expected to be higher than the compact case at
the longer wavelengths even when the absorption mass opac-
ity is almost the same. Thus, we investigate the ratio of κsca
against κabs. Figure 5 shows the ratio in each case correspond-
ing to Fig. 4. In the case of compact and a f = 0.1 µm, the
scattering mass opacity is less than absorption. On the other

hand, the scattering mass opacity dominates the absorption mass
opacity in fluffy cases when a f = 0.1 µm. This greatly affects the
infrared observations of dust grains. For example, Pagani et al.
(2010) reported that dust grains in dense interstellar medium is
composed of micron-sized grains (and not 0.1 µm) because of
the high scattering efficiency observed by the Spitzer space tele-
scope. Thus, they infer that the monomer size must be micron.
However, Fig. 5 suggests that even if the monomers are 0.1 µm
in size, the aggregates of 0.1 µm sized monomers represent the
high albedo and thus might account for the observed high effi-
ciency of scattering.

Figure 5c and d shows the scattering mass opacity in the case
of a f = 100 µm and 1 mm. The scattering mass opacity at the
millimeter wavelengths is ten times larger than the absorption
mass opacity in the compact case, and it is tens of times larger

A42, page 5 of 15

af=10μm

Kataoka, Okuzumi, Tanaka,& Nomura (2014)

af=1mm
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af=0.1µm af=1mm

f 1mmのコンパクトダストと

1m, f=10-4のアグリゲイトは

同じ吸収断面積を持つ
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高空間分解能2波長観測(~10AU)で低密度アグリゲイトを識別可

βの動径分布予測
The Astrophysical Journal Letters, 760:L17 (7pp), 2012 November 20 Pérez et al.

βC = 1.0

β ISM

3σ 2σ 1σ

Figure 4. Left: dust opacity spectral slope, β, vs. radius, inferred from multi-wavelength observations of the AS 209 disk. Black line: best-fit β(R), colored areas:
confidence interval constrained by our observations. Vertical dashed lines indicate the spatial resolution of our observations, error bar in top-left corner indicates
additional systematic uncertainty on β(R) arising from amplitude calibration uncertainty. Right: dust opacity (normalized at 300 GHz) for amax between 0.1 and 10 cm.
Note that the power-law assumption, κν ∝ νβ , breaks down for (sub-)millimeter-sized grains.
(A color version of this figure is available in the online journal.)

use of the Bayesian approach upon which our modeling is
based. Since the result of the MCMC algorithm is a fully
sampled posterior probability distribution function (PDF) for
all the model parameters, we construct a PDF of the product
Σλ × Bλ(Tλ)/Bλ(T ) at each radius R and for each wavelength.
Random samples of these PDFs are taken at each wavelength,
the slope of the line through points {x = log(λ), y =
log[Σλ ×Bλ(Tλ)/Bλ(T )]} at a radius R, is computed. This slope
corresponds to one random sampling of ∆β(R). Hence, the
PDF for ∆β(R) is constructed by performing a large number
of random samples. The peak of this PDF is the best-fit value
of ∆β at radius R. Confidence intervals are derived from the
region of the PDF that contains 68.3%, 95.5%, and 99.7% of all
samples at equal probability (1σ, 2σ , and 3σ ).

Figure 4 presents the constraints on the radial variation of β
obtained from our multi-wavelength observations. The values
of β allowed by our observations are significantly different than
βISM ∼ 1.7, for R ! 70 AU. Furthermore, we find a gradient
on β(R) inconsistent with a constant value at the 10σ level.

5.2. Radial Variations of amax

To derive Equation (3), the assumption of κλ ∝ λ−β must
be satisfied. We caution that for amax ∼ 0.1–1 mm this
approximation may break down (Draine 2006), as illustrated
in Figure 4 (right). Therefore, rather than inferring amax(R)
from β(R), we constrain it directly by fitting a specific dust
opacity κλ to the constraints on the product κλ × Σλ × Bλ(Tλ)
at each radius. With a knowledge of T (R), and for a fixed set
of dust properties (composition and grain-size distribution), we
estimate the values of amax and Σ that satisfy Equation (2), now
written as

κλΣλ(R)
Bλ(Tλ(R))

Bλ(T (R))
= κλ(amax(R))Σ(R), (4)

where the right-hand side corresponds to our model (with pa-
rameters amax and Σ) and the left-hand side has been constrained
by our multi-wavelength observations (i.e., we have a PDF for
the product κλ × Σλ(R) × Bλ(Tλ(R))/Bλ(T (R))).

At each radius R, we constructed a two dimensional grid of
parameters {amax, Σ}. At each point in the grid, we compute

the product κλ(amax) × Σ at each wavelength. We then find
the probability that such measurement will have occurred
(given our observational constraints on the left-hand side of
Equation (4)), and construct the likelihood function of the
parameters {amax, Σ}. Best-fit values for amax and Σ are found
by maximizing the likelihood; confidence intervals are obtained
from the marginalized likelihoods.

Figure 5 presents our constraints on amax(R) and Σ(R) for
two representative values of q. The same composition presented
in Section 4 is assumed, however a different dust mixture will
influence the derived amax(R). For a composition that includes
updated oxygen abundances (Asplund et al. 2009), a smaller
amax(R) is inferred (×2 smaller), well within the uncertainties
of this derivation given other unknown parameters (e.g., particle-
size distribution slope). Across the disk, grains have grown at
least up to ∼0.5 mm, with small grains present in the outer disk
and large grains in the inner disk.

We compare our observational constraints with theoreti-
cal models of grain growth, employing the approximations
presented in Birnstiel et al. (2012) for the evolution of
amax with radius. Since the true Σ(R) profile constrained by
our observations depends on the assumed value of q (see
Figure 5), these theoretical prescriptions will depend on q as
well. Our observational constraints on amax are consistent with
a radial drift limited grain population, where the head-wind
felt by dust particles makes them spiral toward the star. A
fragmentation-dominated population, where the turbulent rel-
ative motion of particles causes collisions that either grow or
fragment these grains, seems incompatible for standard values
of the turbulence parameter (αt = 0.01; Shakura & Sunyaev
1973), fragmentation threshold velocity (ut = 10 m s−1; Blum
& Wurm 2008), and 100:1 gas-to-dust ratio. These curves repre-
sent barriers that prevent further size increase, hence, the smaller
of the two is considered the upper limit to growth. However, the
parameters that go into deriving the fragmentation limit are
very uncertain, while the physics and parameters in radial drift
are better established. Either no fragmentation barrier exists
(for a low-turbulence disk, αt ! 0.001, the maximum colli-
sion speed never reaches the fragmentation threshold velocity
in AS 209, making fragmentation impossible) or the gas-to-dust
ratio is ∼10× larger, allowing for the fragmentation-limited

5

AS209 (Perez et al. 2012)

低密度アグリゲイト

→小さいダスト
(成長遅い)

←大きいダスト
(成長早い)

観測的実証1: opacity index

Kataoka, Okuzumi, Tanaka, & Nomura (2014)

現状の観測
→円盤外側の感度が足りない
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• N体計算を用いて低密度ダストアグリゲイトの静的圧縮を計算

• 低密度アグリゲイトの圧縮強度を導出・定式化
Kataoka et al. 2013a, A&A, 554, A4 

• 圧縮強度を円盤内のダスト進化に応用
• ダストから微惑星までの内部密度進化を解明
• 微惑星形成問題(中心星落下・衝突破壊・跳ね返り)を回避

Kataoka et al. 2013b, A&A, 557, L4 

• 低密度アグリゲイトのオパシティを計算
• 吸収断面積は(ダスト半径)×(充填率)で特徴付けられる

• 低密度アグリゲイトの観測的実証方法を提案
Kataoka et al., 2014, A&A, 568, A42

Kataoka et al. in prep


