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質問抜粋
• どれだけ岩⽯などが集まったとしても惑星が恒星よりも重くなることはないのか？ 

→ なりません。13⽊星質量を超えると超⾼温・超⾼圧状態になり核融合反応が起き、 
惑星ではなくなります。 

• 太陽系の惑星の定義として軌道上に似た天体がないということが再定義された際に 
その定義が新たに含まれた理由は？冥王星はなぜ惑星でなくなったのか？ 
→ 惑星だと思われていた冥王星が思っていたよりもずっと⼩さいことがわかったのと、 
冥王星と同じような場所に同じくらいの⼤きさの天体(エリスなど)が⾒つかったからです。 

• ダストと他の物質の違いは？ 
→ わかりにくくて申し訳ないのですが、天⽂学者は宇宙にある固体の⼩さいものは全て 
ダストと呼んでいます。それはさらに2つ、岩⽯のような難揮発性のものと、 
氷(⽔に限らない)のような揮発性のものに分けられます。
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質問抜粋
• 岩⽯惑星、ガス惑星、氷惑星がなぜ分かれたのか？

岩⽯惑星 
(主に岩⽯、⾦属) 

ダストが少なく 
質量が⼩さい 

⼤気もほぼない

©IAU

ガス惑星 
(主に⽔素とヘリウムのガス) 

ダストが多く、質量が⼤きい 
コア形成が⼗分早く 

⼤気も多く獲得できた

氷惑星 
(主に⽔氷) 

コア形成が遅く 
⼤気を獲得する頃には 
ガス円盤がなくなった

スノーライン



質問抜粋
• 系外惑星の分布に⼤きな偏りがあったが、これはどのように説明できるのか？

https://filtergraph.com/2576083
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(外側)その場形成(超内側)惑星移動？

(質量⼤) 
⼤気を暴⾛的に 

獲得できるコア質量

(質量⼩) 
⼤気をあまり 

獲得できないコア質量

ここでは移動が⽌まらない？

https://filtergraph.com/2576083
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質問抜粋
• ダストが分⼦間⼒で集まることができるのは重⼒の影響が少ない宇宙空間だからなのか？ 

→ その通りです。 

• T ∝ r–1/2、cs ∝ r–1/4、vK ∝ r–1/2なので、アスペクト⽐ ∝ r1/4、H ∝ r5/4？ 
→ その通りです。前回は⾶ばしましたが、実際の円盤は”フレア”しています。 
 
 
 

• ダスト中⼼星落下問題は実際に確認されているのか？ 
→ シミュレーションでは確認されています。観測は難しく、あくまで間接的な可能性しか 
得ることができません。

∝ r5/4

∝ r
遮られて届かない！

遮られないので届く！
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1. 序論 
惑星は、ミクロンサイズの宇宙の塵(ダスト)から作られる。 

2. 原始惑星系円盤 
ガス円盤の鉛直構造よりスケールハイトという物理量が導かれる。 
ガス円盤の公転速度は圧⼒勾配⼒により、ケプラー速度よりもわずかに遅くなる。 
温度構造により、スノーラインという位置がある。 

3. 原始惑星系円盤中でのダストの運動 
ガス円盤中でダストは中⼼星へ落下する。また、⾚道⾯に沈殿する。 
円盤には乱流があり、それによる速度でのダスト衝突によりダストは壊れてしまう。 
ダスト中⼼星落下問題の解決⽅法として、低密度ダスト集合体が考えられている。

前回の内容
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円盤中のダストの「沈殿」

z (鉛直⽅向)
ガス円盤(横から⾒た断⾯図)

r (動径⽅向)⾚道⾯ (z = 0)
星(質量M*)

ダスト(質量md)
ダストにはたらくz⽅向の中⼼星重⼒と 
ガス抵抗⼒のつりあいから、終端速度vzを求める 
導出してみよう！                    (前回19ページ参照)−

GM*md

r3
z = − Ω2

Kmdz = md
vz

tstop

vz = − tstopΩ2
Kz = − StΩKz

例: 5 au (⽊星の公転周期: T ~ 12 yr, ⾓速度 = 2π/T)では 

• 0.1 µm粒⼦ (St ~ 10–7): 沈殿に要する時間 ~ 20 Myr 

• > 1 µm粒⼦なら、円盤寿命(~ Myr)のうちに沈殿できる

円盤⾚道⾯まで沈殿するために必要な時間:
z
vz

=
1

StΩK



8

原始惑星系円盤に乱流はあるの？
• 乱流とは？ → 乱れた渦の集まり (例: 煙や⽊星⼤気など)

(Enhanced image by Gerald Eichstädt based on images  
provided courtesy of NASA/JPL-Caltech/SwRI/MSSS)

渦の崩壊

渦の崩壊
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理論的に予想される原始惑星系円盤の乱流の例
• 乱流を作りうる円盤の不安定性はいくつか提案されている 
例えば円盤にわずかに存在する磁場が原因となり、磁気流体⼒学的不安定性を起こすThe Astrophysical Journal, 735:122 (16pp), 2011 July 10 Flock et al.

Figure 7. 3D picture of turbulent rms velocity at 750 inner orbits for model BO. The white regions in the corona present super-sonic turbulence.

(An animation of this figure is available in the online journal.)
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Figure 8. Left: velocity spectra in units of the sound speed for all three components at the midplane. Space and time average is again between 3 and 8 AU and between
800 and 1200 inner orbits. The radial velocity peaks at m = 3–5 for both 2π models. Right: contour plot of the radial velocity at the midplane (R–φ plane). Large
shear wave structures become visible. This snapshot is taken after 750 inner orbits.

that all velocity components have similar amplitudes for the
small scales and do not deviate by more than a factor of two
at the largest scales. The radial velocities peak at m = 5, but
overall the entire spectrum above m = 20 is essentially flat.
The peak at m = 5 could be connected to the production of
shear waves in the simulations. These shear or density waves
are described in Heinemann & Papaloizou (2009). On top of
the shorter timescale of MRI turbulence, these long “timescale”
shear waves are visible in the contour plot of the radial velocity
in the r–φ midplane (Figure 8, right). The shear wave structures
drive the radial velocity up to 0.3cs . In the velocity spectra, we

see the start of the dissipation regime at m = 30–40 for the
high-resolution run BO. For the model BO, this corresponds
to 26 or rather 19 grid cells per wavelength, which is still
well resolved by the code (Flock et al. 2010). Shearing waves
are also visible in a r–θ snapshot of the velocity (Figure 9,
left). Here we plot the azimuthal velocity Vφ–VK as contour
color, overplotted with the velocity vectors. Red contour lines
show Keplerian azimuthal velocities. Super-Keplerian regions
are important for dust particle migration. They reverse the radial
migration of particles, leading to their efficient concentration
and triggering parasitic instabilities in the dust layer, like

9

Flock et al. (2011)

⾊は(乱流の速度)/(⾳速)を表している

• 「乱流」は惑星形成における研究テーマの 
⼀つになるくらい、奥深い現象 
(なのでこれ以上はここでは扱えません)

• 便宜的に、乱流粘性νt (ブイではなくニュー) 

をαを⽤いて 

νt ~ αcsH 
と表す (Shakura & Sunyaev 1973) 

(速度は⾳速以下、サイズは円盤厚み以下と予想される)
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乱流中のダスト衝突速度
• 円盤乱流に起因する等サイズのダスト衝突速度 (Ormel & Cuzzi 2007) 

St < 1 のとき: 
St > 1 のとき: 

• 乱流中のダスト衝突速度が最⼤のとき(St ~ 1)、どれくらいの速さ？ 
1 auでの⾳速 cs ~ 1 km/s (前回21ページ参照) 
強い乱流のとき (α ~ 10–2): 
ほどほどの乱流のとき (α ~ 10–3):

vcoll ∼ αStcs

vcoll ∼
2α

1 + St
cs

vcoll ∼ 10−2 × 1 km/s = 100 m/s = 360 km/h

vcoll ∼ 10−3 × 1 km/s ≈ 30 m/s = 108 km/h

乱流の強さによっては、野球選⼿の最速投球の速さくらいにもなる！ 

→ ダストは壊れてしまう 「衝突破壊問題」



11

乱流円盤中のダスト層の厚み

|vz | = StΩKz |vt | = αStcs

|vz | = |vt | → StΩKz = αStcs

ざっくりと⾒積もるには、ダストの沈殿速度vz(7ページ参照)と、 
乱流による速度vt (= vcoll, 10ページ参照)がつりあうときの⾼さを求めればよい

z = Hd =
αStcs

StΩK
=

α
St

Hg

Hg: ガスのスケールハイト(前回19ページ参照)

ガス円盤(横から⾒た断⾯図)

ダスト層
Hg

Hd
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ダスト成⻑のタイムスケール
• ダストが衝突により破壊されないと仮定して、ダスト成⻑のタイムスケールを⾒積もる 

 
 
               ※ダストは中⼼星の重⼒により、⾚道⾯に沈殿する 

• 最も成⻑の早い(衝突速度が⼤きい) St = 1 の場合を考える

 Okuzumi et al. (2012)

tgrow ∼
md

dm/dt
dm
dt

∼ ρdvcollπa2 =
Σd

2πHd

vcollπa2

a
vcoll

ρd

md

vcoll ∼ αcs , Hd ∼ αHg , Hg = cs/ΩK

tgrow ∼
md

dm/dt
∼

(4/3)πa3ρint
Σd

2παcs/ΩK

αcsπa2
=

4 2πaρint

3ΣdΩK
=

4 2π
3

Σg

Σd

aρint

Σg

tK
2π

成⻑のタイムスケールはガス・ダスト⽐だけで決まる！

~ St = 1

∼ (数十)(
Σd/Σg

0.01 )
−1

tK

tK: ケプラー周期
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Figure 2. Aggregate size distribution ∆Σd/∆ log m at different times t for the
compact aggregation model (ρint = 1.4 g cm−3) as a function of orbital radius
r and aggregate mass m. The dotted lines mark the aggregate size at which Ωts
exceeds 0.1.
(A color version of this figure is available in the online journal.)
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Figure 3. Radial profiles of the total dust surface density Σd at different times
for the compact aggregation model (ρint = 1.4 g cm−3).

dust growth proceeds without significant radial drift until the
stopping time of the aggregates reaches Ωts ∼ 0.1 (the dotted
lines in Figure 2). However, as the aggregates grow, the radial
drift becomes faster and faster, and further growth becomes
limited only along the line Ωts ∼ 0.1 on the r–m plane.
Figure 3 shows the evolution of the total dust surface density
Σd ≡

∫
mNdm =

∫
(∆Σd/∆ log m)d log m. We see that a

significant amount of dust has been lost from the planet-forming
region r ! 30 AU within 105 yr. In this region, the dust surface
density4 scales as r−1, and hence the dust-to-gas surface density
ratio ∝ r−1/Σg ∝ r1/2 decreases toward the central star.

4 It can be analytically shown (Birnstiel et al. 2012) that the dust surface
density profile obeys a scaling Σd ∝√

Σg/(r2Ω) (∝ r−1 for Σg ∝ r−3/2) when
radial drift balances with turbulence-driven growth.
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Figure 4. Aggregate size distribution ∆Σd/∆ log m at r = 5 AU and t =
2000–4470 yr for the compact aggregation model. The dashed and solid arrows
indicate the aggregate sizes at which a = λmfp and Ωts = 1, respectively. Shown
at the top of the panel is the aggregate radius a. The vertical bars indicate the
weighted average mass ⟨m⟩m (Equation (21)).

Figure 4 shows the evolution of the dust size distribution
observed at r = 5 AU. Here, in order to characterize the typical
aggregate size at each evolutionary stage, we introduce the
weighted average mass ⟨m⟩m defined by

⟨m⟩m ≡
∫

m2Ndm∫
mNdm

= 1
Σd

∫
m

∆Σd

∆ log m
d log m. (21)

The weighted average mass approximately corresponds to the
aggregate mass at the peak of ∆Σd/∆ log m (see, e.g., Ormel
et al. 2007; Okuzumi et al. 2011a). In Figure 4, the weighted
average mass at each time is indicated by the short vertical
line. At r = 5 AU, the growth–drift equilibrium is reached
at t ≈ 4000 yr, and the typical size of the aggregates is
⟨m⟩m ≈ 500 g in mass (≈4 cm in radius, ≈0.07Ω−1 in stopping
time). Note that the final aggregate radius is much smaller than
the mean free path λmfp of gas molecules (the dashed arrow in
Figure 4), which means that the gas drag onto the aggregates is
determined by Epstein’s law. As we will see in the following,
porosity evolution allows aggregates to reach the Stokes drag
regime at much smaller Ωts .

3.2. Porous Aggregation

Now we show how porosity evolution affects dust evolu-
tion. Here, we solve the evolutionary equation for V(r, m)
(Equation (8)) simultaneously with that for N (r,m)
(Equation (1)). The result is shown in Figure 5, which displays
the snapshots of the aggregate size distribution ∆Σd/∆ log m and
internal density ρint = m/V at different times t as a function
of r and m. The evolution of the total dust surface density Σd is
shown in Figure 6.

The left four panels of Figure 5 show how the radial
size distribution evolves in the porous aggregation. At t <
103 yr, the evolution is qualitatively similar to that in compact
aggregation (Section 3.1). However, in later stages, the evolution
is significantly different. We observe that aggregates in the inner
region of the disk (r < 10 AU) undergo rapid growth and
eventually overcome the radial drift barrier lying at Ωts ∼ 1

7
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ダスト成⻑ vs 中⼼星落下 の例  Okuzumi et al. (2012)

ダストの運動を全て考慮し、 
完全合体(衝突破壊なし)を仮定したうえで、 
各軌道⻑半径での 
ダストサイズ分布の進化を計算

内部密度⼀定の場合には、 
St ~ 0.1で中⼼星へ落下してしまう！

St = 0.1
St = 0.1
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ダスト成⻑ vs 中⼼星落下: 解決⽅法  Suyama et al. (2008)

0.1 µmサイズのダスト粒⼦は 
分⼦間⼒(ファンデルワールス⼒や 
⽔素結合)で付着する 
→ 衝突付着により、 
  ダスト集合体を形成する 

低速度・等質量衝突(Ballistic  
Cluster-Cluster Aggregation: BCCA) 
では低密度ダスト集合体が形成される



The Astrophysical Journal, 752:106 (18pp), 2012 June 20 Okuzumi et al.

Figure 5. Aggregate size distribution ∆Σd/∆ log m (left four panels) and internal density ρint = m/V (right four panels) at different times t for the porous aggregation
model as a function of orbital radius r and aggregate mass m. The dashed lines mark the aggregate size at which Ωts exceeds unity.
(A color version of this figure is available in the online journal.)
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Figure 6. Radial profiles of the total dust surface density Σd at different times
for the porous aggregation model.

(dashed lines in Figure 5) within t ∼ 104 yr. At this stage,
the radial profile of the total dust surface Σd is hardly changed
from the initial profile, as seen in Figure 6. In the outer region
(r > 10 AU), aggregates do drift inward before they reach
Ωts ∼ 1 as in the compact aggregation model. However, unlike
in the compact aggregation, the inward drift results in the pileup
of dust materials in the inner region (r ≈ 4–9 AU) rather than
the loss of them from outside the snow line (see Figure 6). This
occurs because most of the drifting aggregates are captured
by aggregates that have already overcome the drift barrier. As a
result, the dust-to-gas mass ratio in the inner regions is enhanced
by a factor of several in 105 yr.

The right four panels of Figure 5 show the evolution of the
internal density ρint = m/V as a function of r and m. The
first thing to note is that the dust particles grow into low-

density objects at every location until their internal density
reaches ρint ∼ 10−5–10−3 g cm−3. In this stage, the internal
density decreases as ρint ≈ (m/m0)−1/2ρ0, meaning that the
dust particles grow into fractal aggregates with the fractal
dimension df ≈ 2 (Okuzumi et al. 2009). The fractal growth
generally occurs in early growth stages where the impact energy
is too low to cause collisional compression, i.e., Eimp ≪ Eroll
(e.g., Blum 2004; Ormel et al. 2007; Zsom et al. 2010). At
m ∼ 10−4–10−6 g, the fractal growth stage terminates, followed
by the stage where collisional compression becomes effective
(Eimp ≫ Eroll). In this late stage, the internal density decreases
more slowly or is kept at a constant value depending on the
orbital radius. We will examine the density evolution in more
detail in Section 3.2.2.

Figure 7 shows the evolution of the mass distribution function
at r = 5 AU during t ≈ 1200–2500 yr. The evolution of the
weighted average mass ⟨m⟩m is shown in Figure 8. It is seen
that the acceleration of the growth begins when the aggregate
size a exceeds the mean free path of gas molecules, λmfp (the
dashed arrow in Figure 7). This suggests that the acceleration
is due to the change in the aerodynamical property of the
aggregates. At a ≈ λmfp, the gas drag onto the aggregates begins
to obey Stokes’ law. In the Stokes regime, the stopping time
ts of aggregates increases rapidly with size (see Section 2.2).
This causes the quick growth of the aggregates since the
relative velocity between aggregates increases with ts (as long as
Ωts < 1). As a result of the growth acceleration, the aggregates
grow from a ≈ λmfp to Ωts ≈ 1 within 300 yr, which is short
enough for them to break through the radial drift barrier.

The decrease in the internal density plays an important role
in the growth acceleration. More precisely, the low internal
density allows the aggregates to reach a ≈ λmfp at early growth
stages, i.e., at small Ωts . In fact, the growth acceleration was not
observed in the compact aggregation, since the aggregate size
is smaller than the mean free path at all Ωts < 1 (see Figure 4).
A more rigorous explanation for this will be given in Section 4.

8
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低密度ダスト集合体の成⻑ vs 中⼼星落下  Okuzumi et al. (2012)

ダストの運動を全て考慮し、 
完全合体(衝突破壊なし)を仮定したうえで、 
各軌道⻑半径での 
ダストサイズ分布の進化を計算

ダスト集合体の密度進化も考慮した場合には、 
St ~ 1を超えて成⻑できる！

St = 1 St = 1
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なぜ低密度ダスト集合体は St = 1 を超えられる？
ガスの抵抗則に戻って考えてみる

• エプスタイン則: 

• ストークス則:

tstop ≈
ρinta
ρgvth

tstop ≈
ρinta
ρgvth

4a
9λ

 Okuzumi et al. (2012)

The Astrophysical Journal, 752:106 (18pp), 2012 June 20 Okuzumi et al.

The situation differs in the Stokes drag regime. A similar
calculation as above leads to

(ρinta)Ωts=1

Σg

= 9
2π

λmfp

a|Ωts=1
(41)

and

tgrow|Ωts=1 ≈ 60
(

Σd/Σg

0.01

)−1 λmfp

a|Ωts=1
. (42)

Note that the growth timescale is inversely proportional to
the aggregate radius, in contrast to that in the Epstein regime
(Equation (40)) being independent of aggregate properties.
Substituting Equations (36) and (42) into the growth condition
(Equation (38)), we find that the aggregates break through the
radial drift barrier in the “deep” Stokes regime, a|Ωts=1/λmfp !
45. Unlike Equation (40), Equation (42) implicitly depends
on ρint through aΩts=1/λmfp (see below), so the porosity of
aggregates does affect the growth timescale in this case. It is
interesting to note that the speed-up of dust growth occurs even
though the maximum collision velocity is the same. Indeed, the
collision velocity depends only on Ωts and is thus independent of
the drag regime. We remark that Stokes’ law breaks down when
a becomes so large that the particle Reynolds number becomes
much larger than unity, as already mentioned in Section 2.2. We
will show in Section 5.1 that this fact sets the minimum value
of tgrow|Ωts=1 to ≈0.3tK ; see Equation (47).

The internal density of aggregates controls the growth
timescale through the aggregate size a at Ωts = 1. For given
ρint, one can analytically calculate a|Ωts=1 from Equations (39)
and (41). Explicitly,

a|Ωts=1 = 2Σg

πρint
(43)

for the Epstein regime, and

a|Ωts=1 = 3
(2π )1/4

√
mghg

ρintσmol
(44)

for the Stokes regime, where we have used λmfp = mg/(ρgσmol)
and ρg = Σg/(

√
2πhg). For fixed ρint, a|Ωts=1 decreases with

increasing r in the Epstein regime, but increases in the Stokes
regime. The upper panel of Figure 11 plots a|Ωts=1 for three
different values of the aggregate internal density ρint. If dust
particles grow into compact spheres (ρint ∼ 1 g cm−3), Epstein’s
law governs the motion of Ωts = 1 particles in almost the
entire snow region (r > 3 AU). However, if dust particles
grow into highly porous aggregates with ρint ∼ 10−5 g cm−3,
the particles growing at r " 60 AU enter the Stokes regime
before Ωts reaches unity. The lower panel of Figure 11 shows
the two timescales tgrow|Ωts=1 and tdrift|Ωts=1 as calculated from
Equations (35) and (36), respectively. We see that compact
particles with ρint ∼ 1 g cm−3 do not satisfy the growth
condition (Equation (38)) outside the snow line, while porous
aggregates with ρint ∼ 10−5 g cm−3 do in the region r " 10 AU.
These explain our simulation results presented in Section 3.

Finally, we remark that a high disk mass (i.e., a high Σg

with fixed Σd/Σg) favors the breakthrough of the radial drift
barrier. Figure 12 shows the size a and the timescales tgrow
and tdrift at Ωts = 1 for a disk 10 times heavier than the
MMSN. We see that the growth condition (Equation (38)) is
now satisfied at r " 25 AU for ρint = 10−5 g cm−3 and at
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Figure 11. Size a (upper panel) and growth timescale tgrow (lower panel) of
dust aggregates at Ωts = 1 as a function of orbital radius r for internal densities
ρint = 1.4 g cm−3 (solid line), 10−2 g cm−3 (dashed line), and 10−5 g cm−3

(dotted line). The MMSN with the dimensionless diffusion coefficient αD =
10−3 is assumed for the disk model. The thick line in the upper panel indicates
a = 9λmfp/4, at which the drag law changes from the Epstein regime to the
Stokes regime. The thick line in the lower panel shows the drift timescale tdrift at
Ωts = 1 (independent of ρint). For ρint = 10−5 g cm−3, tgrow|Ωts=1 satisfies the
growth criterion (Equation (38)) at r ! 10 AU. In reality, tgrow|Ωts=1 does not
fall below the value given by Equation (47) (thin dotted line) because of the effect
of the gas drag at high particle Reynolds numbers (see Section 5.1). However,
this does not change the location where the growth condition is satisfied.
(A color version of this figure is available in the online journal.)

r " 7 AU even for ρint = 10−2 g cm−3. This is because a higher
Σg leads to a shorter λmfp and hence allows aggregates to reach
the Stokes regime a/λmfp ≫ 1 at larger r or with higher ρint
(note that the enhancement of Σg by a constant remains η and
hence tdrift|Ωts=1 unchanged). Interestingly, our porosity model
predicts that ρint|Ωts=1 is independent of Σg . In fact, substituting
Equation (44) with (∆v)Ωts=1 ≈ √

αDcs and N1+2 ∝ ρinta
3 into

Equation (28), we obtain the equation for ρint|Ωts=1 that does not
involve Σg .

5. DISCUSSION

So far we have shown that the evolution of dust into highly
porous aggregates is a key to overcome the radial drift barrier.
However, in order to clarify the role of porosity evolution, we
have ignored many other effects relevant to dust growth in
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The situation differs in the Stokes drag regime. A similar
calculation as above leads to

(ρinta)Ωts=1

Σg

= 9
2π

λmfp

a|Ωts=1
(41)

and

tgrow|Ωts=1 ≈ 60
(

Σd/Σg

0.01

)−1 λmfp

a|Ωts=1
. (42)

Note that the growth timescale is inversely proportional to
the aggregate radius, in contrast to that in the Epstein regime
(Equation (40)) being independent of aggregate properties.
Substituting Equations (36) and (42) into the growth condition
(Equation (38)), we find that the aggregates break through the
radial drift barrier in the “deep” Stokes regime, a|Ωts=1/λmfp !
45. Unlike Equation (40), Equation (42) implicitly depends
on ρint through aΩts=1/λmfp (see below), so the porosity of
aggregates does affect the growth timescale in this case. It is
interesting to note that the speed-up of dust growth occurs even
though the maximum collision velocity is the same. Indeed, the
collision velocity depends only on Ωts and is thus independent of
the drag regime. We remark that Stokes’ law breaks down when
a becomes so large that the particle Reynolds number becomes
much larger than unity, as already mentioned in Section 2.2. We
will show in Section 5.1 that this fact sets the minimum value
of tgrow|Ωts=1 to ≈0.3tK ; see Equation (47).

The internal density of aggregates controls the growth
timescale through the aggregate size a at Ωts = 1. For given
ρint, one can analytically calculate a|Ωts=1 from Equations (39)
and (41). Explicitly,

a|Ωts=1 = 2Σg

πρint
(43)

for the Epstein regime, and

a|Ωts=1 = 3
(2π )1/4

√
mghg

ρintσmol
(44)

for the Stokes regime, where we have used λmfp = mg/(ρgσmol)
and ρg = Σg/(

√
2πhg). For fixed ρint, a|Ωts=1 decreases with

increasing r in the Epstein regime, but increases in the Stokes
regime. The upper panel of Figure 11 plots a|Ωts=1 for three
different values of the aggregate internal density ρint. If dust
particles grow into compact spheres (ρint ∼ 1 g cm−3), Epstein’s
law governs the motion of Ωts = 1 particles in almost the
entire snow region (r > 3 AU). However, if dust particles
grow into highly porous aggregates with ρint ∼ 10−5 g cm−3,
the particles growing at r " 60 AU enter the Stokes regime
before Ωts reaches unity. The lower panel of Figure 11 shows
the two timescales tgrow|Ωts=1 and tdrift|Ωts=1 as calculated from
Equations (35) and (36), respectively. We see that compact
particles with ρint ∼ 1 g cm−3 do not satisfy the growth
condition (Equation (38)) outside the snow line, while porous
aggregates with ρint ∼ 10−5 g cm−3 do in the region r " 10 AU.
These explain our simulation results presented in Section 3.

Finally, we remark that a high disk mass (i.e., a high Σg

with fixed Σd/Σg) favors the breakthrough of the radial drift
barrier. Figure 12 shows the size a and the timescales tgrow
and tdrift at Ωts = 1 for a disk 10 times heavier than the
MMSN. We see that the growth condition (Equation (38)) is
now satisfied at r " 25 AU for ρint = 10−5 g cm−3 and at
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Figure 11. Size a (upper panel) and growth timescale tgrow (lower panel) of
dust aggregates at Ωts = 1 as a function of orbital radius r for internal densities
ρint = 1.4 g cm−3 (solid line), 10−2 g cm−3 (dashed line), and 10−5 g cm−3

(dotted line). The MMSN with the dimensionless diffusion coefficient αD =
10−3 is assumed for the disk model. The thick line in the upper panel indicates
a = 9λmfp/4, at which the drag law changes from the Epstein regime to the
Stokes regime. The thick line in the lower panel shows the drift timescale tdrift at
Ωts = 1 (independent of ρint). For ρint = 10−5 g cm−3, tgrow|Ωts=1 satisfies the
growth criterion (Equation (38)) at r ! 10 AU. In reality, tgrow|Ωts=1 does not
fall below the value given by Equation (47) (thin dotted line) because of the effect
of the gas drag at high particle Reynolds numbers (see Section 5.1). However,
this does not change the location where the growth condition is satisfied.
(A color version of this figure is available in the online journal.)

r " 7 AU even for ρint = 10−2 g cm−3. This is because a higher
Σg leads to a shorter λmfp and hence allows aggregates to reach
the Stokes regime a/λmfp ≫ 1 at larger r or with higher ρint
(note that the enhancement of Σg by a constant remains η and
hence tdrift|Ωts=1 unchanged). Interestingly, our porosity model
predicts that ρint|Ωts=1 is independent of Σg . In fact, substituting
Equation (44) with (∆v)Ωts=1 ≈ √

αDcs and N1+2 ∝ ρinta
3 into

Equation (28), we obtain the equation for ρint|Ωts=1 that does not
involve Σg .

5. DISCUSSION

So far we have shown that the evolution of dust into highly
porous aggregates is a key to overcome the radial drift barrier.
However, in order to clarify the role of porosity evolution, we
have ignored many other effects relevant to dust growth in
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St = 1 のダストのガス抵抗則

⾼密度ダスト

超低密度ダスト

→ ストークス則に⼊ってしまえば、 
  tstopが急激に増えるようになる



第4章 ダストのミクロ物理
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ダスト実験: 微粒⼦は付着する！

FRoll ¼ 6pcn; ð1Þ
where c is the specific surface energy of the material and n is the
critical rolling displacement of the particle, which is the distance
one sphere may roll over the other before irreversible rearrange-
ment in the contact zone occurs. The critical rolling friction force
of uncoated monodisperse silica particles of a0 = 0.95 lm radius
was experimentally investigated by Heim et al. (1999), by pulling
on chainlike aggregates with an AFM tip and testing their resistance
to a forced oscillating motion on one end of the chain, while the
other end was fixed. From this experiment, a mean critical rolling
friction force of FRoll;SiO2 ¼ ð8:5$ 1:6Þ % 10&10 N was found for un-
coated SiO2 particles.

Another experimental approach for the estimation of the crit-
ical rolling friction force of monodisperse SiO2 particles with the
same size was performed by Blum and Wurm (2000). In this
work, the SiO2 particles were coated with a silicon-organic mantle
(dimethyldimethoxysilane, (CH3)2Si(OCH3)2), to guarantee a non-
polar, hydrophobic surface layer. They found that the additional
mantle enhanced the specific surface energy of the SiO2 particles
by a factor of 1.35. Thus, the obtained critical rolling friction force
of the coated SiO2 particles was corrected by this factor for a
comparison with uncoated SiO2 particles. The critical rolling fric-
tion force was estimated by observing several collisons between
SiO2 particles and agglomerates composed of individual SiO2 par-
ticles, in which gravitational restructuring was manifested
through a slow morphological transition within the aggregate
layer. In this case, the critical rolling friction force can be calcu-
lated as follows,

FRoll ¼ mg0
acm
a0

; ð2Þ

where m is the mass of the restructuring aggregate, g0 = 9.81 m s&2

is the gravitational acceleration of the Earth, a0 is the mean particle
radius and acm is the horizontal projection of the distance from the
center of gravity of the rotating aggregate to the point of contact
about which restructuring occurs. The analysis of several tempo-
rally resolved restructuring events yielded a mean critical rolling
friction force of FRoll;SiO2 ¼ ð5:0$ 2:5Þ % 10&10 N for the coated SiO2

particles, which was corrected to FRoll;SiO2 ¼ ð3:7$ 1:9Þ % 10&10 N
for a comparison with the results for uncoated SiO2 particles.

To test the capability of our experimental setup, we measured
the critical rolling friction force of uncoated, monodisperse SiO2

particles of a0 = 0.75 lm, using the experimental setup B (see
Section 2) together with the procedure introduced by Blum and
Wurm (2000). In this case, the dust was dispersed by a commercial
dust-disperser and sprayed into the experimental chamber. An
analysis of the size distribution of the dispersed dust showed that
the dust is mostly dispersed into single grains ('75%) and into
cluster of two particles ('15%) as well as of three particles
('10%). Our measurements yielded a critical rolling friction force
of FRoll;SiO2 ¼ ð12:1$ 3:6Þ % 10&10 N, which is relatively close (with-
in one standard deviation) to the quantity measured by Heim et al.
(1999), but slightly further away from the corrected value obtained
by Blum and Wurm (2000). Fig. 7a–d shows an example of a time-
resolved restructuring event of an aggregate composed of microm-
eter-sized SiO2 particles. A comparison of the different measured
quantities is given in Table 1. However, a better reproduction of

Fig. 6. Sedimenting ice particles and ice aggregates during formation (setup B), observed with the long-distance microscope. The general structure of these very porous
aggregates, /B = 0.11 ± 0.01, is shown in (a). This high porosity is caused by the ‘‘hit-and-stick’’ behavior of micrometer-sized particles at low impact velocities. Examples of
two ‘‘hit-and-stick’’ collisions between micrometer-sized ice particles are shown in the image sequences (b–e) and (f–j).

Fig. 7. Examples of time resolved restructuring events of aggregates composed of micrometer-sized SiO2 particles (a–d) or H2O ice particles (e–h). The restructuring events
were initiated by the addition of an impacting particle or cluster. The images were taken every 0.03 s (a–d) and every 0.02 s (e–h).

B. Gundlach et al. / Icarus 214 (2011) 717–723 721

Gundlach et al. (2011)

µmサイズの 
SiO2粒⼦

H2O粒⼦

付着

付着のせいで 
“枝”が動いた

付着

付着のせいで 
“枝”が動いた
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ダストの接触相互作⽤モデル: 付着⼒のない弾性球
付着⼒のない2つの弾性球を押し込む → 接触⾯を形成し、反発⼒がはたらく

F

F
R

a
δ

ばねのフックの法則: F = kx (k: ⽐例定数) 
弾性体(ヤング率Y、断⾯積S、⻑さL)のフックの法則:

ΔL
L

=
F
YS

接触⾯付近の体積領域(~ a3)にフックの法則を適⽤: δ
a

∼
F

Ya2

a2 + (R − δ/2)2 = R2, δ ≪ R より、
a
R

≈
δ
a

→ F ∼
Ya3

R
∼ YR1/2δ3/2
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ダストの接触相互作⽤モデル: 付着⼒のある弾性球
付着⼒のある2つの弾性球が接触しているときを考える

R
a

δ

この弾性球は単位⾯積当たりにエネルギーγ (J/m2)を持っているとする 
接触により失われている表⾯積は 2πa2 なので、 

接触⾯の束縛エネルギーは Us = − 2πa2γ

表⾯吸着⼒は Fs ≡
dUs

dδ
=

d
dδ

(−2πa2γ) ∼
d
dδ

(−2πγRδ) = − 2πγR

表⾯吸着⼒と反発⼒がつりあうとき、2つの弾性球は接触平衡状態になる

2πγR ∼
Ya3

R
→ a0 ∼ ( 2πγR2

Y )
1/3

JKR理論(Johnson, Kendall, & Roberts 1971)と呼ばれる

このとき、2つの球を引き剥がすのに必要なエネルギーは

Ebreak ∼ 2πγa2
0 ∼

(2πγ)5/3R4/3

Y2/3

半径100 nmのH2O氷球でa0 ≈ 12 nm = 120 Å
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ダストの接触相互作⽤モデル: 付着⼒のある弾性球

R
a

δ

JKR理論(Johnson, Kendall, & Roberts 1971)と呼ばれる

2つの球を引き剥がすのに必要なエネルギー: Ebreak ∼ 2πγa2
0 ∼

(2πγ)5/3R4/3

Y2/3

Ebreakが⼤きい → 引き剥がすのにたくさんのエネルギーが必要 
どんな物質？ 

• 表⾯エネルギーγが⼤きい、すなわち付着しやすい物質 

• ヤング率(かたさ)が⼩さい、すなわち柔らかい物質 

• 半径の⼤きな粒⼦
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ダストの接触相互作⽤モデル Dominik & Tielens (1997) 
Wada et al. (2007)

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.

this expression as the reduced radius R (R~1 \ R1~1
The attractive forces are described by the surface] R2~1).

energy c of the material. For di†erent materials, c \ c1 ] c2where is the interface energy. For like materials,[ 2c12, c12and The elastic forces enter via the materialc1 \ c2 c12 \ 0.
constant which is given byE’, (E’)~1 \ (1 [ l12)/E1with and the PoissonÏs ratio and] (1 [ l22)/E2 l

i
E

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).

付着/切断 転がり 滑り ねじれ

ある⼒以上で引っ張ると 
粒⼦間接触が切断される

ある臨界変位までは弾性体的(バネ的)にふるまい、 
ある臨界変位以上になると不可逆的に変位し、 
摩擦を通してエネルギーが散逸する
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ダストの接触相互作⽤モデル: 切断と転がり Dominik & Tielens (1997) 
Wada et al. (2007)

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.

this expression as the reduced radius R (R~1 \ R1~1
The attractive forces are described by the surface] R2~1).

energy c of the material. For di†erent materials, c \ c1 ] c2where is the interface energy. For like materials,[ 2c12, c12and The elastic forces enter via the materialc1 \ c2 c12 \ 0.
constant which is given byE’, (E’)~1 \ (1 [ l12)/E1with and the PoissonÏs ratio and] (1 [ l22)/E2 l

i
E

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).

粒⼦間接触を切断するのに必要な⼒: 
 換算半径:  

弾性的(バネ的)ふるまい → 不可逆的ふるまい(エネルギー散逸)

Fc = 3πγR

モノマーをπRだけ転がすのに必要なエネルギー:

U =
1
2

k | ⃗ζ |2

ポテンシャル 
エネルギー バネ定数

変位
ΔEdis = kζcrit( | ⃗ζ | − ζcrit)

散逸エネルギー 
    = ⼒ × 変位

臨界変位

1
R

=
1
r1

+
1
r2

Eroll = krollξcritπR = 4πFcξcrit = 6π2γr0ξcrit
転がりの 
バネ定数

臨界 
転がり変位

モノマー半径(r0=r1=r2)
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ダスト集合体のシミュレーション

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.

this expression as the reduced radius R (R~1 \ R1~1
The attractive forces are described by the surface] R2~1).

energy c of the material. For di†erent materials, c \ c1 ] c2where is the interface energy. For like materials,[ 2c12, c12and The elastic forces enter via the materialc1 \ c2 c12 \ 0.
constant which is given byE’, (E’)~1 \ (1 [ l12)/E1with and the PoissonÏs ratio and] (1 [ l22)/E2 l

i
E

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).

付着/切断 転がり 滑り ねじれ
ダスト集合体 の構成粒⼦(モノマー)間の接触相互作⽤モデルを元に、

接触するモノマーにかかる⼒を全て考慮して運動⽅程式を解く
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ダスト集合体の衝突破壊

©NAOJ 4D2U Wada et al. (2018) https://4d2u.nao.ac.jp/movies/20181201-planet/

https://4d2u.nao.ac.jp/movies/20181201-planet/
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ダスト集合体の衝突破壊速度の⾒積もり Wada et al. (2009, 2013)

ざっくりと、(衝突のエネルギー) ~ (全ての結合を切るためのエネルギー)

~ (結合の数) × (⼀つの結合を切るためのエネルギー)

1粒⼦あたりの接触点数は、低速付着成⻑を仮定すると2程度

~ (2程度) × (粒⼦数N) × Ebreak

衝突のエネルギー: Eimpact ~ (1/2)(ダスト集合体の質量)v2 ~ (1/2)Nm0v2

m0: モノマー質量

→ (1/2)Nm0v2 ~ (2程度)NEbreak → v ∼ (定数) ×
Ebreak

m0

衝突の結果
質量が増えたら成⻑ 
質量が減ったら破壊{

粒⼦数N(=ダスト集合体質量) 
にはよらない！
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ダスト集合体の衝突破壊のシミュレーション Wada et al. (2009, 2013)

vfrag ≈ 20
Ebreak

m0

Koji Wada et al.: Growth efficiency of dust aggregates through collisions with high mass ratios
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Fig. 5. Growth efficiency averaged over b as a function of ucol for col-
lisions with various combinations of Nproj and Ntarget. The shadow re-
gion of ucol = 67−90 m s−1 indicates the critical collision velocities.
The scale of the upper horizontal axis is given by ucol/

√
Ebreak/m, where

Ebreak is the energy for breaking a single contact and m is the monomer
mass.

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 M̄ej averaged over the im-
pact parameter, normalized by the mass of a projectile, Mproj,
as a function of ucol (Fig. 6). Since Mej/Mproj is calculated by
1 − f , Fig. 6 is another expression of Fig. 5. We find a trend
that M̄ej/Mproj is roughly proportional to ucol for various combi-
nations of Nproj and Ntarget although M̄ej/Mproj deviates from that
trend for low collision velocities. In Fig. 6, we plot a line

M̄ej/Mproj = ucol/ucol,crit, (9)

 0.01
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Fig. 6. Total ejecta mass averaged over b as a function of ucol for colli-
sions with various combinations of Nproj and Ntarget. The thin solid line
denotes equation (9).The scale of the upper horizontal axis is given by
ucol/
√

Ebreak/m.

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 process
(Housen & Holsapple 2011), ejecta mass produced in cratering
on sand targets is scaled with the projectile momentum, i.e.,
Mej ∝ Mprojucol. Therefore, collisions between different-sized
aggregates can be interpreted as a cratering process in dissipa-
tive media.

For studies on the fragmentation production rate in debris
disks, it is common to introduce the specific energy Q∗D, which is
needed to break and eject the half mass of colliding bodies. From
Eq. (9) and the fragmentation model by Kobayashi & Tanaka
(2010), we obtain

Q∗D ≃ ucolucol,crit/2 = 4000 J kg−1
( ucol

100 m s−1

) ( r
0.1 µm

)−5/6

(10)

for ice aggregates. Note that we obtain the formula under the as-
sumption of unbreakable monomers and hence Eq. (10) is valid
for ucol <∼ 1 km s−1. In debris disks, ucol is almost independent
of the grain mass and the collisional fragmentation dominates
for grains influencing disk luminosities. This situation allows
for collisional cascades to determine the mass distribution of
such grains. Since Q∗D is independent of Mproj, the differential
number density is proportional to M−11/6 with M being grain
mass (Kobayashi & Tanaka 2010). This mass dependence is the
same as the classical theory of collisional cascade (Dohnanyi
1969; Tanaka et al. 1996). For protoplanetary disks, ucol is not
determined as simply as that for debris disks. Collisions between
small particles have ucol ≪ ucol,crit, while ucol is close to ucol,crit
for collisions with large particles (e.g., Ormel & Cuzzi 2007).
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∝ ( γ5/3r4/3
0 Y−2/3

r3
0ρ0 )

1/2

= γ5/6r−5/6
0 Y−1/3ρ−1/2

0

表⾯エネルギー 構成粒⼦半径

換算ヤング率 物質密度

Y* =
Y

2(1 − ν2)
ヤング率 
ポアソン⽐

※H2O氷の値 
(e.g., Israelachvili 1992) 

≈ 80 m s−1 ( γ
100 mJ m−2 )

5/6

( r0

0.1 μm )
−5/6

× ( Y*

3.7 GPa )
−1/3

( ρ0

1 g cm−3 )
−1/2

H2O氷の場合、80 m/s 
シリケイト(岩⽯)の場合、8 m/s

衝突破壊速度:{
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ダスト集合体は円盤中で衝突により破壊されない？
H2O氷の場合、80 m/s 
シリケイト(岩⽯)の場合、8 m/s

衝突破壊速度:{
乱流中のダスト衝突最⼤速度 

• 強い乱流のとき (α ~ 10–2): ~ 100 m/s 

• ほどほどの乱流のとき (α ~ 10–3): ~ 30 m/s

→ 氷ダスト集合体なら、衝突破壊問題を克服できるかも！

※ 表⾯エネルギーなどの物性値による 
  実は”実際の”表⾯エネルギーはよくわかっていない
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跳ね返り問題について
⾼速度衝突ではダスト集合体は破壊してしまう → 低速度なら必ず付着する？

跳ね返ってしまうこともある！

Weidling et al. (2012)

実験

Oshiro, Tatsuuma et al. (2025)

qualitatively consistent with the results of laboratory experi-
ments (e.g., C. Güttler et al. 2010; R. Weidling et al. 2012;
S. Kothe et al. 2013). S. Kothe et al. (2013) showed that the
threshold mass mcrit above which bouncing occurs follows a
power-law relation /µ -m vcrit imp

4 3.
To allow for a direct comparison with the experimental

results, we replot f̄gro as a function of vimp and magg in Figure 6.
The solid lines show the threshold mass mcrit, where ¯ =f 0.5gro ,
obtained by interpolating our data. For the threshold mass
curves at vimp< 10 m s−1, we perform a least-squares fitting of
a power-law function of the form

( )= -
-

m b
v

log
4
3
log

1 m s
, 1010 bounce 10

imp
1

⎛⎝ ⎞⎠

where b is a fitting parameter. This fitting function can also be
written as

/

( )=
-

-
m m

v

1 m s
, 11vbounce 1

imp
1

4 3⎛⎝ ⎞⎠
where mv1 stands for the threshold mass at vimp= 1 m s−1.
Equation (11) can also be represented as

/

( )=
-

-v
m

m
1 m s , 12

v
bounce

agg

1

3 4
1⎜ ⎟⎛⎝ ⎞⎠

where vbounce stands for the threshold impact velocity for
bouncing. Table 3 shows the best-fit mv1 values for three values
of f. The best-fit functions are shown by the dashed lines in
Figure 6. We find that the best-fit lines reproduce the overall
trend of the threshold mass curves at vimp 10 m s−1 directly
obtained from our simulations.
The threshold aggregate mass for bouncing is highly sensi-

tive to the volume filling factor. Figure 6 indicates that the
threshold mass decreases by almost an order of magnitude
when f is increased by 0.05. Figure 7 shows mv1 as a function
f. Power-law fitting shows that mv1 scales with f as steeply as
f−18.6. We discuss one possible interpretation of this strong
dependence in Section 5.1.

4. Aggregate Collision Energetics

Since the bouncing of colliding aggregates is caused by
elastic repulsion, knowing the fractions of initial impact energy
converted into elastic potential energy and how energy dis-
sipates is essential for fully understanding the origin of the
bouncing/sticking threshold. In this section, we present an in-
depth analysis of the energy conversion processes in our col-
lision simulations.

Figure 4. Snapshots of three runs with vimp = 2, 10, and 20 m s–1 for f = 0.4 and Ragg/r1 = 110. The top, middle, and bottom rows show the initial, maximally
compressed, and final states, respectively. The initial aggregates are the same for all the illustrated runs.

Figure 5. Mean collisional growth efficiency as a function of impact velocity
for runs with f = 0.4 and Ragg/r1 = 110.

5

The Astrophysical Journal, 983:75 (13pp), 2025 April 10 Oshiro et al.

シミュレーション

付着 跳ね返り

⾼密度、⼤質量なダスト集合体ほど 
跳ね返りやすい 
ということはわかっているものの… 
跳ね返りメカニズムは 
まだよくわかっていない
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低密度ダスト集合体はちゃんと微惑星になる？The Astrophysical Journal, 752:106 (18pp), 2012 June 20 Okuzumi et al.

Figure 5. Aggregate size distribution ∆Σd/∆ log m (left four panels) and internal density ρint = m/V (right four panels) at different times t for the porous aggregation
model as a function of orbital radius r and aggregate mass m. The dashed lines mark the aggregate size at which Ωts exceeds unity.
(A color version of this figure is available in the online journal.)

101 102
10 3

10 2

10 1

100

101

orbital radius r AU

du
st

su
rf

ac
e

de
ns

ity
d

g
cm

2

Porous Aggregation Model

t 103 yr
t 104 yr
t 105 yr

Figure 6. Radial profiles of the total dust surface density Σd at different times
for the porous aggregation model.

(dashed lines in Figure 5) within t ∼ 104 yr. At this stage,
the radial profile of the total dust surface Σd is hardly changed
from the initial profile, as seen in Figure 6. In the outer region
(r > 10 AU), aggregates do drift inward before they reach
Ωts ∼ 1 as in the compact aggregation model. However, unlike
in the compact aggregation, the inward drift results in the pileup
of dust materials in the inner region (r ≈ 4–9 AU) rather than
the loss of them from outside the snow line (see Figure 6). This
occurs because most of the drifting aggregates are captured
by aggregates that have already overcome the drift barrier. As a
result, the dust-to-gas mass ratio in the inner regions is enhanced
by a factor of several in 105 yr.

The right four panels of Figure 5 show the evolution of the
internal density ρint = m/V as a function of r and m. The
first thing to note is that the dust particles grow into low-

density objects at every location until their internal density
reaches ρint ∼ 10−5–10−3 g cm−3. In this stage, the internal
density decreases as ρint ≈ (m/m0)−1/2ρ0, meaning that the
dust particles grow into fractal aggregates with the fractal
dimension df ≈ 2 (Okuzumi et al. 2009). The fractal growth
generally occurs in early growth stages where the impact energy
is too low to cause collisional compression, i.e., Eimp ≪ Eroll
(e.g., Blum 2004; Ormel et al. 2007; Zsom et al. 2010). At
m ∼ 10−4–10−6 g, the fractal growth stage terminates, followed
by the stage where collisional compression becomes effective
(Eimp ≫ Eroll). In this late stage, the internal density decreases
more slowly or is kept at a constant value depending on the
orbital radius. We will examine the density evolution in more
detail in Section 3.2.2.

Figure 7 shows the evolution of the mass distribution function
at r = 5 AU during t ≈ 1200–2500 yr. The evolution of the
weighted average mass ⟨m⟩m is shown in Figure 8. It is seen
that the acceleration of the growth begins when the aggregate
size a exceeds the mean free path of gas molecules, λmfp (the
dashed arrow in Figure 7). This suggests that the acceleration
is due to the change in the aerodynamical property of the
aggregates. At a ≈ λmfp, the gas drag onto the aggregates begins
to obey Stokes’ law. In the Stokes regime, the stopping time
ts of aggregates increases rapidly with size (see Section 2.2).
This causes the quick growth of the aggregates since the
relative velocity between aggregates increases with ts (as long as
Ωts < 1). As a result of the growth acceleration, the aggregates
grow from a ≈ λmfp to Ωts ≈ 1 within 300 yr, which is short
enough for them to break through the radial drift barrier.

The decrease in the internal density plays an important role
in the growth acceleration. More precisely, the low internal
density allows the aggregates to reach a ≈ λmfp at early growth
stages, i.e., at small Ωts . In fact, the growth acceleration was not
observed in the compact aggregation, since the aggregate size
is smaller than the mean free path at all Ωts < 1 (see Figure 4).
A more rigorous explanation for this will be given in Section 4.

8

 Okuzumi et al. (2012)

質量としては微惑星相当になるものの… 
内部密度は 10–4 g cm–3 以下になってしまう 
→ 圧縮過程を考慮しないといけない

考えられる圧縮過程 

• 衝突圧縮 
（実は、衝突合体で作られる⼤きなすき間を埋めるために 
 衝突エネルギーが全て消費されてしまう） 

• 円盤ガスによる圧縮 

• ⾃⼰重⼒圧縮 
必要なもの: ダスト集合体の圧縮強度
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ダスト集合体の圧縮強度 Kataoka et al. (2013a) 
Tatsuuma et al. (2023)

Kataoka et al. 
(2013a)

∝ ϕ3

フラクタル次元2のダスト集合体を 
周期境界を動かして圧縮

Tatsuuma et al. (2023)

圧
縮
強
度

(P
a)

体積充填率ϕ
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ダスト集合体の圧縮強度 Kataoka et al. (2013a) 
Tatsuuma et al. (2023)

A. Kataoka et al.: Static compression of porous dust aggregates

Fig. 14. Schematic drawing of compression of a dust aggregate consisting of a number of BCCA clusters. The left figure shows a dust aggregate
consisting of many BCCA clusters and the BCCA clusters are distributed three dimensionally. Each enclosed line represents each region dominated
by the BCCA clusters. The central figure is a BCCA cluster, receiving pressure from the next clusters. The BCCA cluster has a large void depicted
in the central figure, and thus the void would be compressed, as expressed in the right figure. The required energy to compress the void is the energy
to rotate the connection of monomers in contact. Therefore, the compression can be determined by the rolling motion of monomer connection on
the connecting point of the subclusters.

BCCA clusters. The righthand panel of Fig. 14 illustrates com-
pression of one of BCCA clusters. The pressure on the BCCA
cluster is exerted by neighbor clusters, which causes the com-
pression of the BCCA cluster. The BCCA cluster can be divided
further into two smaller subclusters because BCCA clusters are
created by cluster-cluster aggregation. A large void exists be-
tween the two smaller clusters, and they are connected with
one connection of monomers in contact. The compression of
the BCCA cluster occurs by crashing the large void, which only
requires rolling the monomers at the connection.

We now estimate the compressive strength. In static com-
pression, the aggregate is compressed by external pressure. Each
BCCA cluster feels a similar pressure, P. Using the pressure, the
force on the BCCA cluster is approximately given by

F ∼ P · r2
BCCA. (30)

Since the crashing of the large void is accompanied by the rolling
of a pair of monomers in contact, the work required for the crash-
ing is given by so-called the rolling energy of monomers, Eroll
(Dominik & Tielens (1997) or see Eq. (1) for its definition).
Therefore, the required force to compress the aggregate satisfies

F · rBCCA ∼ Eroll. (31)

Substituting Eq. (30), we further obtain the required pressure to
compress the aggregate as

P ∼ Eroll

r3
BCCA

· (32)

The radius of the BCCA clusters can be written by using the
physical values of the whole aggregate. The internal density of
the BCCA cluster is dependent on its radius. The BCCA cluster
has the fractal dimension of two, and its radius is approximately
given by rBCCA = N1/2r0, where N is the number of constituent
monomers in the BCCA subcluster. The internal density of the
BCCA cluster is evaluated as

ρ ∼ Nm0

r3
BCCA

∼
(
rBCCA

r0

)−1

ρ0· (33)

Using Eqs. (32) and (33), we finally obtain the required pressure
(or the compressive strength) as

P ∼ Eroll

r3
0

(
ρ

ρ0

)3

· (34)

This is the same as Eq. (25) obtained from our numerical
simulations.

5. Summary

We investigated the static compressive strength of highly porous
dust aggregates, whose filling factor φ is lower than 0.1. We
performed numerical N-body simulations of static compression
of highly porous dust aggregates. The initial dust aggregate is
assumed to be a BCCA cluster. The particle-particle interac-
tion model is based on Dominik & Tielens (1997) and Wada
et al. (2007). We introduced a new method for compression and
adopted the periodic boundary condition in order to compress
the dust aggregate uniformly and naturally. Because of the pe-
riodic boundary condition, the dust aggregate in the computa-
tional region represents one part of a large aggregate, and thus
we could investigate the compression of a large aggregate. The
periodic boundaries move toward the center, and the distance
between the boundaries becomes small. To measure the pressure
of the aggregate, we adopted a similar manner to the one used
in molecular-dynamics simulations. As a result of the numerical
simulations, our main findings are as follows.

– The relation between the compression pressure P and the fill-
ing factor φ can be written as

P =
Eroll

r3
0

φ3, (35)

where Eroll is the rolling energy of monomer particles and r0
the monomer radius. We defined the filling factor as φ =
ρ/ρ0, where ρ is the mass density of the whole aggregate,
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0.1 µm H2O氷のモノマー

フラクタル次元2の⼩さな構造間のモノマーの 
転がり摩擦が圧縮強度を決めるというモデル∝ ϕ3

Pcomp =
Eroll

r3
0

ϕ3 ∝ γr−2
0 ξcritϕ3
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ダスト集合体の圧縮強度 Kataoka et al. (2013a)

A. Kataoka et al.: Static compression of porous dust aggregates

Fig. 14. Schematic drawing of compression of a dust aggregate consisting of a number of BCCA clusters. The left figure shows a dust aggregate
consisting of many BCCA clusters and the BCCA clusters are distributed three dimensionally. Each enclosed line represents each region dominated
by the BCCA clusters. The central figure is a BCCA cluster, receiving pressure from the next clusters. The BCCA cluster has a large void depicted
in the central figure, and thus the void would be compressed, as expressed in the right figure. The required energy to compress the void is the energy
to rotate the connection of monomers in contact. Therefore, the compression can be determined by the rolling motion of monomer connection on
the connecting point of the subclusters.

BCCA clusters. The righthand panel of Fig. 14 illustrates com-
pression of one of BCCA clusters. The pressure on the BCCA
cluster is exerted by neighbor clusters, which causes the com-
pression of the BCCA cluster. The BCCA cluster can be divided
further into two smaller subclusters because BCCA clusters are
created by cluster-cluster aggregation. A large void exists be-
tween the two smaller clusters, and they are connected with
one connection of monomers in contact. The compression of
the BCCA cluster occurs by crashing the large void, which only
requires rolling the monomers at the connection.

We now estimate the compressive strength. In static com-
pression, the aggregate is compressed by external pressure. Each
BCCA cluster feels a similar pressure, P. Using the pressure, the
force on the BCCA cluster is approximately given by

F ∼ P · r2
BCCA. (30)

Since the crashing of the large void is accompanied by the rolling
of a pair of monomers in contact, the work required for the crash-
ing is given by so-called the rolling energy of monomers, Eroll
(Dominik & Tielens (1997) or see Eq. (1) for its definition).
Therefore, the required force to compress the aggregate satisfies

F · rBCCA ∼ Eroll. (31)

Substituting Eq. (30), we further obtain the required pressure to
compress the aggregate as

P ∼ Eroll

r3
BCCA

· (32)

The radius of the BCCA clusters can be written by using the
physical values of the whole aggregate. The internal density of
the BCCA cluster is dependent on its radius. The BCCA cluster
has the fractal dimension of two, and its radius is approximately
given by rBCCA = N1/2r0, where N is the number of constituent
monomers in the BCCA subcluster. The internal density of the
BCCA cluster is evaluated as

ρ ∼ Nm0

r3
BCCA

∼
(
rBCCA

r0

)−1

ρ0· (33)

Using Eqs. (32) and (33), we finally obtain the required pressure
(or the compressive strength) as

P ∼ Eroll

r3
0

(
ρ

ρ0

)3

· (34)

This is the same as Eq. (25) obtained from our numerical
simulations.

5. Summary

We investigated the static compressive strength of highly porous
dust aggregates, whose filling factor φ is lower than 0.1. We
performed numerical N-body simulations of static compression
of highly porous dust aggregates. The initial dust aggregate is
assumed to be a BCCA cluster. The particle-particle interac-
tion model is based on Dominik & Tielens (1997) and Wada
et al. (2007). We introduced a new method for compression and
adopted the periodic boundary condition in order to compress
the dust aggregate uniformly and naturally. Because of the pe-
riodic boundary condition, the dust aggregate in the computa-
tional region represents one part of a large aggregate, and thus
we could investigate the compression of a large aggregate. The
periodic boundaries move toward the center, and the distance
between the boundaries becomes small. To measure the pressure
of the aggregate, we adopted a similar manner to the one used
in molecular-dynamics simulations. As a result of the numerical
simulations, our main findings are as follows.

– The relation between the compression pressure P and the fill-
ing factor φ can be written as

P =
Eroll

r3
0

φ3, (35)

where Eroll is the rolling energy of monomer particles and r0
the monomer radius. We defined the filling factor as φ =
ρ/ρ0, where ρ is the mass density of the whole aggregate,
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フラクタル次元2の⼩さな構造間のモノマーの 
転がり摩擦が圧縮強度を決めるというモデル

Pcomp =
Eroll

r3
0

ϕ3 ∝ γr−2
0 ξcritϕ3

ダスト集合体の圧縮強度

→ P ∼
Eroll

r3
BCCA

→ P ∼
Eroll

r3
0 ( ρ

ρ0 )
3

F ∼ P ⋅ r2
BCCA ⼒と圧⼒

F ⋅ rBCCA ∼ Eroll 仕事とエネルギー

rBCCA ∼ N1/2r0 フラクタル次元2

ρ ∼
Nm0

r3
BCCA

∼ ( rBCCA

r0 )
−1

ρ0 密度
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ダスト集合体の内部密度進化 Kataoka et al. (2013b)
A&A 557, L4 (2013)
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Fig. 3. Pathways in the planetesimal formation in the minimum mass solar nebula model. The gray line shows the constant density evolutional
track, which corresponds to the compact growth. The black, green, blue, and red lines are the evolutional track through dust coagulation via fluffy
aggregates. Each line represents different mechanisms of dust coagulation, which are hit-and-stick, collisional compression, gas compression, and
self-gravity compression. The red shaded region represents where the radial drift timescale is less than the growth timescale, which is equivalent to
radial-drift region. The brown squares indicate the properties of comets, and the triangles represent their upper limit. The radii of dust aggregates
for 1 µm, 1 cm, 1 m, 100 m, and 10 km are also written. Top left: for 5 AU in orbital radius. Top right: for 8 AU in orbital radius. The cross point
represents where the dust falls onto the central star. Bottom left: for 5 AU in strong turbulence model where αD = 10−2. Bottom right: for 8 AU in
two times as massive as MMSN model.

growth starts. The dust internal density is still as small as ∼10−2,
which means that the geometrical cross section is larger than the
compact case. This will make the runaway growth faster, but the
whole scenario does not change, as shown in the N-body simu-
lations (Kokubo & Ida 1996).

In conclusion, we revealed the pathway of the porosity evo-
lution of dust aggregates to form planetesimals by introducing
static compression. We also showed that icy dust growth on the
pathway avoids the bouncing, fragmentation, and radial drift bar-
riers. This scenario can provide a planetesimal distribution as a
concrete initial condition of the later stages of planet formation.
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太陽系⼩天体からもっと情報を引き出したい！
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探査からわかること 

• 体積、質量 → 平均密度: 532 ± 7 kg m–3 (Jorda et al. 2016) 

• 表層の形状 → 引張強度: 1.5–100 Pa (Basilevsky et al. 2016)

密度は⽔氷の半分（岩よりも軽い） 
⾮常に脆い（タバコの灰くらい）

引張強度の⾒積もり⽅: 彗星表層のoverhangs(出っ張り)と局所重⼒を⽤いる

g
 局所重⼒

g

L
H

(Groussin et al. 2015; Basilevsky et al. 2016)

67Pの引張強度: 1.5–100 Pa (L = 10–100m, H = 5–200 m)

σT >
3ρgL2

H
出っ張りが安定であるとき:

g = 2×10–4 m s–2 (地球: 9.8 m s–2)

(e.g., Tokashiki & Aydan 2010)



ダスト集合体の引張強度

8.8 µm
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• 初期体積充填率 = 10% 

• 周期境界

⾚: 接触しているモノマーの切断
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0.1 µm H2O氷のモノマー

Tatsuuma et al. (2019)
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ダスト集合体の引張強度

ダスト集合体の引張強度モデル

≃ 6 × 105 Pa ( γ
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ダスト集合体の中の⼩さな構造同⼠ (フラクタル次元1.9) が 

ちぎれるときの応⼒で引張強度モデルを作成

2.2 Tensile Strength of Dust Aggregates 39

Fc

ragg

rm

Fc

D, Nagg

Fig. 2.12 Substructure of a dust aggregate. When tensile stress has a maximum
value, the force Fc is applied on a substructure aggregate, whose radius is ragg, fractal
dimension is D, the number of monomers is Nagg, and the monomer radius is rm.

We confirm Equation (2.54) from the perspective of energy dissipation. All energy
dissipations, which are caused by the normal, sliding, rolling, twisting, and damping
motions in the normal direction, are plotted in Figure 2.13. The curves in Figure 2.13
run time-wise from right to left and arise during the stretching of a dust aggregate.
The main energy dissipation mechanism is the rolling motion, which is consistent
with the ⇠crit,m-dependence of tensile stress (Section 2.2.3.3). The energy dissipation
by the normal motion arises when the tensile stress has a maximum value. This
energy dissipation is caused by a connection breaking between two monomers in
contact. For this reason, tensile strength is determined by the connection breaking,
i.e. Fc.

To confirm that D ' 1.9 on a small scale of a dust aggregate in our simulations,
we calculate the number of monomers inside the radius rin for five snapshots of a
fiducial run and plot it in Figure 2.14. We take the snapshots during the continuous
strain of the dust aggregate. The method to count the number of monomers N(r < rin)
is as follows. At first, we set a monomer in the calculation box as the center and
count N(r < rin) including monomers outside the periodic boundaries. Next, we
take an average of N(r < rin) for all monomers in the calculation box.

Also, we plot N(r < rin) as a function of rin/rm when D = 2 and D = 3 in Figure
2.14. We derive this relationship by using Equation (2.50) as

N(r < rin) /
✓rin

rm

◆D
. (2.55)

r0

Fc

r2
agg

∝
1.5πγr0

[r0ϕ−1/(3−D)
init ]2 ∝ γr−1

0 ϕ2/(3−D)
init

ragg ∝ N1/D
agg r0

ϕinit = Nagg(r0/ragg)3

Tatsuuma et al. (2019)
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ダスト集合体と彗星の引張強度の⽐較

ダスト集合体の引張強度モデル
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→ ダスト集合体をもろくするメカニズムが必要 
→ 構成粒⼦半径は0.1 µmよりも⼤きい？

∝ ϕ1.8
init

彗星67Pの引張強度 ~ 1.5–100 Pa (Basilevsky et al. 2016)
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only partly successful (Biele et al., 2015). Finally,
knowing the strength of the material of cometary
nuclei may be critical if there is a risk of a collision
between the Earth and a sufficiently large comet and a
decision is made to destroy or deflect the comet
(Nechai et al., 1997; Zaitsev, 2010). This knowledge is
extremely important right now to develop protection
(destruction/deflection) systems even if there is no
immediate danger.

In this paper, we consider: (1) the strength of the
consolidated material (the term was introduced by
Thomas et al., 2015), which is, in some places,
exposed to the surface; (2) the strength of the weakly
cohesive surface material, a kind of regolith, which is
observed on the most part of the nucleus surface
(Sierks et al., 2015; Thomas et al., 2015); and (3) the
strength of the material encountered at the final land-
ing site of Philae in the Abydos region (Spohn et al.,
2015). The resulting strength values for the materials of
the nucleus of comet 67P are compared with the avail-
able estimates for the strength of nucleus materials of
other comets and some terrestrial analogues.

STRENGTH OF THE CONSOLIDATED 
MATERIAL

As highlighted above, the strength of the consoli-
dated material was estimated by analyzing the charac-
teristics of the Hathor cliff, where this material comes
out to the surface (Fig. 1). It is a very steep cliff, gen-
erally close to local vertical, with some overhangs
(Thomas et al., 2015; Groussin et al., 2015). Impor-
tantly, the surface areas whose terrain was analyzed in
this study are relatively close (no more than 1 km) to
the comet nucleus rotation axis (Sierks et al., 2015),
and, as follows from simple estimates, the centrifugal

acceleration here is no greater than 10% of the accel-
eration due to gravity. Paetzold et al. (2016) inferred
from the analysis of the perturbations in the spacecraft
speed at distances of 10 to 100 km from the nucleus
that the subsurface material of the nucleus is fairly uni-
form in density, which is important for understanding
the accuracy of the estimates for the gravity field of the
nucleus. The overall accuracy of our strength esti-
mates, given the possible errors in determining the
steepness of slopes (5–20% by Groussin et al., 2015)
and the size of the studied terrain elements (<5%), is
likely to be no worse than a factor of two to three.

The digital model SHAP4s provides knowledge of
the terrain for a large part of the nuclear surface with a
horizontal resolution of about 2 m and a measurement
accuracy for the height above the nucleus’ center of
mass of a few decimeters (Preusker et al., 2015). In our
estimates, we generally use the approach described by
Groussin et al. (2015), who give estimates for the
strength of the consolidated material for some of the
other areas of the comet’s nucleus, and compare them
with our estimates. We (and before us, Groussin et al.
(2015)) have obtained estimates for the tensile, shear,
and compressive strength of the consolidated material.

Tensile Strength

The approach used by Groussin et al. (2015) and,
subsequently, by us, was adopted from (Matsukura,
2001; Mueller et al., 2006; Tokashiki and Aydan,
2010). The idea is to analyze the geometrical charac-
teristics of the overhangs of the steep cliff; a graphic
representation of the approach is given in Fig. 2.

Fig. 1. Image of the nucleus of comet 67Р constructed using the SHAP4s digital model of the surface. The image shows the two
parts of the nucleus, Body and Head, and the connecting part between them. The steep cliff on the surface of Head near the
jumper is called Hathor.

1 km

Body Hathor Head

gg67P

Tatsuuma et al. (2019)
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• ダストの接触相互作⽤を付着⼒のある弾性球としてモデル化する。 
臨界変位以上の不可逆的なふるまいにより、摩擦を通してエネルギーが散逸する。 
このモデルを⽤いてダスト集合体の衝突破壊速度を⾒積もることができる。 
氷ダスト集合体なら、円盤内での衝突破壊問題を克服できる可能性がある。 

• 低密度ダスト集合体による微惑星形成に関しては、圧縮過程も考慮する必要がある。 
ダスト集合体の圧縮強度も、接触相互作⽤モデルから⾒積もることができる。 
ダスト集合体がある程度⼤きくなると、円盤ガスや⾃⼰重⼒により圧縮される。 
微惑星形成問題は克服されたかのように思われていた。 

• 太陽系の彗星は⾮常にもろく、ダスト集合体では説明できないことがわかった。 
理論と観測の不⼀致をどう克服するか、研究は続く……

今回の内容「ダストのミクロ物理」まとめ


