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円盤内側領域 (< 50 AU) の固体面密度分布
• 惑星形成の初期条件として, 最も
基本的な情報

• 古典的アプローチ : 復元モデル
(e.g., Hayashi et al. 1981)

• 現在の太陽系惑星の質量・軌道
の分布から再現
• 必ずしも初期条件に対応せず
• あくまで “最小質量”

• 動径移動が無いことを仮定
• 観測的制約
• 分解能等の問題で現状では困難
より外側の領域の観測結果及び
ダスト輸送理論による推定が必要
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円盤外縁部の観測結果と標準的解釈
• CTTS の円盤外縁部の観測結果 

(Kitamura et al. 2002)

• 固体面密度 @ 100 AU : 
          10–2 ~ 1 kg m-2

• 半径 : 100 ~ 1000 AU

• ベキ : 0 ~ –1

• 質量 : 10–3 ~ 10–1 Msolar 

• α 一定の粘性降着円盤モデル
• T ∝ r1/2 の場合, ガス面密度は r 
にほぼ反比例
• ダストがガスとよく連動すれば
観測結果を説明
惑星形成領域の固体面密度は
最小質量モデルに比べ著しく小 ?
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問題点と本研究の目的
• ミリ波帯の SED 観測 

(e.g., Andrews & Williams 2007)

• ダストは > mm サイズに成長

• ダストはガス抵抗により中心方向
へ落下
• 大きなダストほど速度大
• 固体面密度はガスのそれとは異
なる進化を遂げる

• 本研究では...

• ダスト落下を考慮した固体面密
度分布の時間進化

円盤外縁部の観測は再現可能 ?

惑星形成に必要な固体は存在可能 ?
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基礎方程式
• ダスト, ガスの動径 1 次元輸送方程式

• 乱流粘性係数 ... α モデル (Shakura & Sunyaev 1973)

• α 一定を仮定

• 中心面温度 ... 熱源として粘性散逸, 中心星の照射を考慮
• ダストの吸収係数 : Miyake & Nakagawa (1993) に従う

• ダストの動径落下速度
• ストークス数 (ダストの停止時間とケプラー時間の比) で記述
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ダスト成長過程のモデル化
• ダストは主にガス乱流により励起
される相互衝突により合体成長
(Cuzzi & Weidenschilling 1993)

• 仮定
• ダストは秩序的に成長
• ダスト総質量のうち大部分
が同程度のサイズ

• 付着限界速度と衝突速度の大小
により合体・破壊が決定 
(Blum & Wurm 2008)

• 合体 ... 衝突速度 < 限界速度
• 破壊 ... 衝突速度 > 限界速度
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FIG. 3.ÈSEM pictures of the two silica dust samples

FIG. 4.ÈSize distributions of the two samples of silica spheres

than the indentations based on purely elastic deformation
upon impact with m s~1 (Hertz 1882). This impliesv

i
º 1

that the contact occurs not only at the tips of the asperities
but throughout the entire region given by the contact
theory.

The particles have typical properties of preplanetary
grains : (1) the micron size is characteristic for preplanetary
dust ; (2) the particles consist of abundant elements (Si and
O) of the solids in space, and, due to the similarity to sili-
cates, this material represents properties of an important
class of preplanetary matter ; and (3) the particles were pro-
duced in a supersaturated liquid where a chemical reaction
deposited the molecules on the surface. In contrast toSiO2producing the particles from bulk material (e.g., milling),
this process and the condensational growth of the pre-
planetary grains have the molecular deposition in common.
Thus, we expect similarities concerning surface roughness
and shape between preplanetary dust grains and the silica
spheres used in our analogous experiments. As targets, pol-
ished Ñat silica surfaces and the oxidized surface of an atom-
ically smooth silicon wafer were used (see Table 1). In order
to simulate particle-particle interactions, the targets corre-
spond to the particle materials and surfaces in many
respects. The silica target and the oxidized surface of the
silicon wafer consist of the same material as the impacting
particles. Moreover, the silica target and the monospheres
are both amorphous. A few experiments were carried out
with 1.2 km silica spheres and a silica target which both
were coated with a hydrophobic layer of dimethyl-
dimethoxysilane to detect a possible[(CH3)2Si(OCH3)2]
inÑuence of or other adsorbed molecule layers on theH2O
surfaces. All dust samples were kept dry under room tem-
perature, and all Ñat surfaces of the silica target and the
silicon wafer were cleaned with alcohol and, subsequently,
dried with pressurized air.
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impact velocity. For each collision velocity, the sticking
probability was calculated by sliding averaging in groups.
The groups consisted of 11 collision events for the smallest
and largest velocities, respectively and of up to 71 collision
events for the intermediate velocities, thus accounting for
the uneven velocity distribution of the impacts. The upper
and lower standard deviations (^1 p) for the sticking prob-
ability are presented in Figure 6. Since this procedure
cannot be applied to the slowest and to the fastest collisions,
the sticking probability among the 11 slowest and the 11
fastest collisions is separately given as a constant value in
the corresponding velocity interval ; additionally, the out-
comes of theses collisions are marked according to the way
used in Figure 5. For our measurements, we deÐne the
capture velocity as the velocity where the ^1 p limits ofv

cthe sticking probability are 0.5. Such a deÐnition results in a
physically meaningful quantity only if the sticking probabil-
ity behaves similar to a step function. For the 1.2 km diam-
eter spheres, we Ðnd m s~1 on both targets, andv

c
\ 1.1È1.3

for the 0.5 km diameter spheres impacting the silicon wafer,
the capture velocity is m s~1. In contrast tov

c
\ 1.5È2.3

these impacts, the collisions between the 0.5 km silica
spheres and the silica target show a relatively Ñat sticking
probability with an average value of 0.13 and a statistically
signiÐcant local maximum at 1.9 m s~1 collision velocity. In
this case, it makes no sense to speak of a capture velocity.

For the 1.2 km silica spheres, we have also performed
collision experiments with tilted silica targets. Figure 7a
shows the data points on the collisional outcome plotted
over the absolute value of the impact velocity (not over the
vertical component of the impact velocity as in all other
Ðgures). The experiments covered impact angles from 0¡ to
60¡. It can be seen that, within statistical uncertainties, the
velocity limit between sticking and bouncing is no function
of the impact angle for impact angles smaller than 60¡. The
low number of sticking collisions for the very high impact
angles of 50¡È60¡ is an artifact caused by limitations of the
particle trajectory observation close to the target. As we will
see below, the rebound angle may di†er signiÐcantly from
the impact angle, which may lead to a hidden trajectory in
case of rebound. We only included data of sticking colli-
sions into the diagram when it was certain that there was no
hidden rebounding trajectory. This, of course, results in a
selection e†ect overrepresenting rebounding collisions. The
assumption of an impact angle-independent capture veloc-
ity is supported by the fact that the lower velocity limit for
which bouncing collisions were observed is also indepen-
dent of the impact angle.

Figure 7b shows the impact angles and the corresponding
rebound angles of the 1.2 km particles impacting polished
silica. Due to the trajectory imaging method, the indicated
impact and rebound angles are two-dimensional projec-

(a) (b)

(c) (d)

FIG. 6.ÈSticking probability as a function of impact velocity for silica spheres of (a) 1.2 km diameter impacting polished silica, (b) 1.2 km diameter
impacting a silicon wafer, (c) 0.5 km diameter impacting polished silica, and (d) 0.5 km diameter impacting the silicon wafer. The two solid lines in each plot
denote the upper and lower 1 p uncertainty limit for the sticking probability. Additionally for the slowest and fastest collisions, the average values of the
sticking probability is shown as a constant value with each single collision marked in the way introduced in Fig. 5.

付着限界速度
SiO2粒子, 1 µm



動径落下速度の計算
• ダストの成長時間, 落下時間

• 内側領域
• ダストはほとんど落下せずに, 
速やかに成長
• 破壊が始まるサイズで成長停止

• 外縁部, ダスト/ガス比小 

• 破壊サイズに達する前に落下
• “成長時間 = 落下時間” で決定
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パラメータ

中心星 質量 1 Msolar

半径 2.5 Rsolar

表面温度 4000 K

円盤 初期質量 0.1 Msolar

初期半径 500 AU

初期ダスト/ガス比 0.01

初期ベキ指数 –1.0

α 3x10–3

ダスト バルク密度 0.1 g cm-3

付着限界速度 3 m s-1



結果 : 固体面密度分布の進化

• 固体面密度分布 ... 外縁部は r–3/4, 内側領域は r–3/2 にそれぞれ比例

• 外縁部の観測と矛盾せず, 惑星形成に必要な量の固体が存在可能
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結果 : 固体面密度分布の進化

• 固体面密度分布 ... 外縁部は r–3/4, 内側領域は r–3/2 にそれぞれ比例

• 外縁部の観測と矛盾せず, 惑星形成に必要な量の固体が存在可能
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ダスト/ガス面密度比
• 円盤外縁部
• 太陽組成の数分の 1 以下に
なって初めて r-3/4 に比例する
分布が再現
• ダストの観測を基に見積もら
れたガス面密度は過小評価さ
れている可能性

• 初期質量は 0.1 Msolar 程度の
円盤 ?

• 円盤内側領域
• 1 Myr 程度の間, 太陽組成の 

10 倍程度に上昇
• 微惑星形成に有利な環境が形
成
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パラメータ依存性
• pdust ~ –3/2 の実現条件

• 条件を満足しない領域では, 
固体面密度はガス面密度同様  
r にほぼ反比例した分布

• 面密度進化の時間スケール
• 乱流が弱い/付着限界速度が
大きいと, ダストがより成長
し, 落下が促進

• pdust ~ –3/2 の持続時間
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まとめ
• ダスト落下に伴う円盤の固体面密度分布の進化
• 円盤外縁部で観測される固体面密度分布
• 落下時間が成長時間に等しいダストの落下により説明
• ダスト/ガス比が太陽組成の ~1/10 となっている可能性
• 円盤内側領域
• α, vcrit 一定の場合, より内側のダストに追いつつ落下
• 固体面密度が著しく上昇, ベキが ~ –3/2 分布へ進化
• ダスト初期分布, 円盤ガス面密度・温度分布に依存せず

• 成立条件
• ダスト落下が粘性降着に比べ支配的
• pdust ~ –3/2 の分布が維持される時間スケール
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