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星座は…

机にむかい、パソコン・紙とペンを使って 
シミュレーションや計算をしています

望遠鏡は…

(※理論家に多い。オリオン座ならわかる)

わかりません！

のぞきません！
(※すばる望遠鏡やアルマ望遠鏡による研究成果は使っている)

天文・惑星の理論研究者はふだん何をしているの？



惑星のタネが直面する困難
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惑星とは？―2006年国際天文学連合での惑星の再定義―

• 恒星の周りを回り 

• ほぼ球形で 

• その軌道近くに似た天体がいない 
天体を惑星という

©NASA

水星 金星 地球 火星
木星 土星

天王星 海王星

※見やすくするため、 
惑星の大きさの差は実際よりも小さく、 
軌道の間隔は実際よりも近づけています

小惑星

彗星

小惑星・彗星: 惑星になりきれなかったもの



ペガスス座51番星の惑星 (1995年) 
2019年ノーベル物理学賞 
↓

https://filtergraph.com/5368683
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発見方法
位置天文学法 
原始惑星系円盤の運動解析 
直接撮像法 
重力マイクロレンズ法 
公転による中心星明るさ変動 
パルサータイミング法 
視線速度法 
トランジット時間変動 
トランジット法
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ケプラー衛星 (2009–2018) テス衛星 (2018–)

トランジット法視線速度法

↑

→ ある！系外惑星は5000個以上見つかっている！

太陽系の外に惑星はあるの？
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10万年以下？

原始星&分子雲

約100万年

原始惑星系円盤

約10万年？

原始星円盤

約1000万年

残骸円盤&惑星

惑星は、 
星が作られるとき、 
星の周りで、 
星の材料の残り物から作られる 
(木星質量=太陽質量の0.001倍)

ALMA Partnership et al. (2015)

おうし座HL星の円盤
原始惑星系円盤 

• 大きさ: 約100天文単位 
(天文単位: 地球–太陽間の平均距離) 

• 質量: 太陽質量の0.00001–0.1倍 

• 成分: 気体99%、固体1%

惑星はいつ、どこで、何から作られるの？
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ダスト 惑星

0.1 µm 100万 km 1万 km 100 km 1 km 

©NASA ©NASA

1 mm 1 m 

1 mmの1万分の1
対数目盛 
× 100 × 100

地球の半径は
6378 km

半径: 1014倍（100兆倍） 
質量: 1042倍

ちりも積もれば   山   となる惑星

惑星形成とは？ ―固体のサイズ成長の観点から―
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ダスト 惑星

0.1 µm 100万 km 1万 km 100 km 1 km 

©NASA

微惑星

©ESA ©NASA

1 mm 1 m 

重力で合体分子間力などの付着力で直接合体

ダスト集合体 
シミュレーション

e.g., Suyama et al. (2008)

粒子半径: 0.1 µm

window immediately before their deposition on the filter. It was
confirmed that the vast majority of dust particles are single grains.
To minimize contamination by non-deagglomerated and rather
compact dust aggregates that very rarely escape the cogwheel
(about 15% of the original dust sample leaves the cogwheel in
form of dust clumps), the apparatus was built such that the in-
dividual dust grains are guided downward along a succession of
curvatures through which larger agglomerates are unable to fol-
low (see Fig. 1).

Typical sedimentation velocities of micron-sized particles in
air at 100 Pa pressure are a few cm s!1, sufficiently smaller than
the gas flow velocity of"0.5 m s!1 so that vimp < min(vstick; v roll).
Due to the mechanical deagglomeration process, the dust grains
are chargedwith up to"100–1000 elementary charges per mono-
mer (Poppe et al. 1997). However, this charging has no effect on
the formation of the dust aggregates (by, e.g., a built-up of strong
electrical fields) due to a rapid discharging of the dust on the fil-
ter substrate by residual electrical surface conductivity. We mea-
sured the electrical resistance of the dust samples and found
values in the range 108–1011 !. With a simple plate capacitor
model, we get a capacity of "1 pF for our samples so that a dis-
charge timescale of 10!3–10!1 s is expected. This time is much
shorter than the formation time of the dust sample (103–104 s) so
that charge-induced effects are negligible.

A typical example of a dust aggregate is shown in Figure 2a.
For the determination of the packing density, we cut the dust
aggregate by means of a razor blade into quasi-parallelepipeds
whose volumes V we could easily determine by high-resolution
imaging (Fig. 2b). The masses m of these dusty bodies were
measured with precision scales (resolution 10!5 g). The mass
density of the sample is then ! ¼ m/V , and the packing densities
" ¼ !/!0 can be directly determined.
We determined the compressive strengths of the dust aggre-

gates by compressing cylindrical dust aggregates uniaxially, and
we simultaneously measured the thickness of the dust sample,
its cross section perpendicular to the applied force, and the com-
pressive force applied. As a result, we got force-compression
curves which we converted into relations between pressure and
packing density. Uniaxial compression is intended to simulate
the compressive effect of impacts, during which the compressed
aggregate material is able to flow perpendicular to the impact
direction.
For the determination of the tensile strengths of the macro-

scopic dust agglomerates, we glued two parallel surfaces of the
dust samples to very thin glass substrates by means of a non-
wetting two-component resin. After the resin had solidified, the
sampleswere inserted into an apparatus that encompassed amicro-
meter stage with which the thickness of the dust samples could

Fig. 2.—(a) Photograph of a dust aggregate consisting of spherical monodisperse SiO2 grains. The diameter of the sample is 25mm. (b) A cut section of a dust sample
equivalent to that in (a). The size of the rectangular sample is "10 ; 10 mm2. (c) SEM picture of a dust sample consisting of spherical monodisperse SiO2. (d ) SEM
image of a dust sample consisting of irregular polydisperse SiO2. (e) SEM image of a dust sample consisting of irregular diamonds. The scale bars indicate 2#m. [See the
electronic edition of the Journal for a color version of this figure.]

BLUM ET AL.1772 Vol. 652

e.g., Blum et al. (2006)

ダスト集合体 
実験

2 µm

原始惑星系円盤 
ダスト観測

e.g., ALMA Partnership (2015)

おうし座HL星

約100天文単位

太陽系 
小惑星・彗星探査

©ESA

彗星67P

大きさ: 約4 km

小惑星 
• イトカワ 
• リュウグウ 
• ベヌーなど 
彗星 
• 67Pなど

惑星形成とは？ ―固体のサイズ成長の観点から―
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A. 亀の歩く速さ ≈ 0.1 m/s = 0.36 km/s 

B. 床に物を落とした速さ ≈ 5 m/s = 18 km/s 
 
 

C. 野球選手の投球の最速の速さ ≈ 45 m/s ≈ 160 km/h

1
2

mv2 = mgh

v = 2gh ≈ 2 × 10 × 1 ≈ 5 m/s

m: 質量、v: 速度、g: 重力加速度、h: 高さ

クイズ: 惑星のタネが衝突する最大の速さは？
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原始惑星系円盤の乱流により衝突する最大速度:                 (Ormel & Cuzzi 2007) 

α: 乱流の強さのパラメータ (Shakura & Sunyaev 1973) 

cs: 音速 (温度は125 K @ 5 au: -148℃ @ 木星の軌道長半径) 

• 乱流が強い場合 (          ): 

• 乱流がほどほどの場合 (          ):  

A. 0.1 m/s                  B. 5 m/s                  C. 45 m/s 

答え: C. 野球選手の投球の最速の速さ　に近い速さ

v ≈ αcs

α = 10−2 v ≈ 10−2 × 670 m/s = 67 m/s
α = 10−3 v ≈ 10−3 × 670 m/s ≈ 21 m/s

惑星のタネが衝突する最大の速さ
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ドイツの実験グループ: Blum et al. (https://www.jove.com/v/51541/laboratory-drop-towers-for-experimental-simulation-dust-aggregate)

粉々になる！

ダスト同士が高速度で衝突するとどうなる？
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ドイツの実験グループ: Weidling et al. (2012)

跳ね返ることもある！

では、ダスト同士が低速度で衝突すれば問題ない？
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ダスト 惑星

0.1 µm 100万 km 1万 km 100 km 1 km 

©NASA

微惑星

©ESA ©NASA

1 mm 1 m 

衝突破壊問題 
跳ね返り問題

中心星落下問題

解決方法: ふわふわなダスト集合体

ではなく、

ふわふわ？ Wada et al. (2009)

惑星形成の問題と解決方法
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小惑星 彗星

小惑星・彗星:  
惑星になりきれなかった、微惑星の生き残り 
特に彗星は、大規模な破壊や熱進化を 
経験していない可能性が高い

惑星形成の問題と解決方法 + その検証方法



16

©ESA/Rosetta/MPS for OSIRIS Team 
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA 
Carsten Güttler博士から個人的にもらった動画

67P/チュリュモフ・ゲラシメンコ彗星
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©ESA

探査からわかること 

• 正確な体積、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！） 
強度は弱く、非常に脆い（タバコの灰くらい？） 
ふわふわなダスト集合体で彗星を説明できるのか？

67P/チュリュモフ・ゲラシメンコ彗星



「ふわふわな惑星のタネ」について調べる！
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ふわふわなダスト集合体で、太陽系の小惑星・彗星を説明できるのか？

ダスト集合体のシミュレーション

粒子半径: 0.1 µm

ダスト集合体についてやってきたこと 

• 圧縮強度モデルの作成 → 平均内部密度への応用と比較 

• 引張強度モデルの作成 → 彗星67Pと比較  
(Tatsuuma et al. 2019, 2023, 2024)

太陽系の小惑星・彗星探査

©ESA 彗星67P

大きさ: 約4 km

探査からわかること 

• 正確な体積、質量 → 平均内部密度 

• 表層の形状 → 引張強度 
(e.g., Basilevsky et al. 2016, Jorda et al. 2016)

私の研究 ―太陽系小惑星・彗星探査との関連―



(Tatsuuma et al. 2019)

8.8 µm

引張強度
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初期充填率: 10%、H2O氷、粒子半径: 0.1 µm

• ダストを付着力 (分子間力) をもった弾性球とし、接触した粒子から受ける力を計算 

• 周期境界の壁を動かしていき、応答の力を計算

充填率

引
張
応
力

 (
Pa

)

BCCA Compress Stretch
ダスト集合体の引張強度をシミュレーションで求める
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ダスト集合体の引張強度モデル

≃ 6 × 105 Pa ( γ
100 mJ m−2 ) ( r0

0.1 μm )
−1

ϕ1.8
init

表面エネルギー　　粒子半径　初期充填率

∝ ϕ1.8
init

H2O氷 (表面エネルギー: 100 mJ/m2) 
粒子半径: 0.1 µm

ϕinit初期充填率

引
張
強
度

 (
Pa

)

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)

ダスト集合体の引張強度モデルとの比較



初期充填率
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→ 彗星67P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？

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)

ダスト集合体の引張強度モデル

≃ 6 × 105 Pa ( γ
100 mJ m−2 ) ( r0

0.1 μm )
−1

ϕ1.8
init

表面エネルギー　　粒子半径　初期充填率

∝ ϕ1.8
init

H2O氷 (表面エネルギー: 100 mJ/m2) 
粒子半径: 0.1 µm

ϕinit

引
張
強
度

 (
Pa

)
探査からわかる彗星の引張強度との比較
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• 0.1 µmサイズのダストから惑星までの形成過程にあった、衝突破壊・跳ね返り問題 

• ふわふわなダスト集合体で解決できる 

• ただし、まだまだ問題は山積み (理論と原始惑星系円盤のダスト観測との整合性など) 

• 67P/チュリュモフ・ゲラシメンコ彗星について 

• 彗星は微惑星の生き残りで、大規模な破壊や熱進化を経験していない可能性が高い 

• 彗星の密度は水氷の半分ほどで、タバコの灰くらい非常に脆い 

• 私の研究: シミュレーションでダスト集合体の強度を求め、モデルを作った 

• 太陽系の彗星と比較した結果、彗星をもろくする必要があることがわかった 
→ 彗星の構成粒子半径は0.1 µmよりも大きくなければならない 
→ 微惑星形成過程のヒントとなるかもしれない

まとめ


