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　惑星はどのように形成されるのだろうか？惑星形成とは、0.1 µmの固体微粒子 (ダスト)から
1000 kmを超える惑星までの、13桁を超えるサイズ成長過程である。特に、惑星の前駆体である
1–100 kmサイズの微惑星までの形成過程には、明らかになっていない部分が多い。私はその微惑
星形成過程を明らかにするため、微惑星の生き残りだと考えられている、太陽系内の探査や観測
が可能な彗星に着目し、その探査・観測結果から微惑星形成過程の情報を引き出す研究を行ってい
る。本講演では、ダスト付着粒子計算を用いてダストの集合体の引張強度や圧縮強度を求め、彗
星の物性との比較を行った結果について紹介し、今後の彗星探査への期待について触れる。
　近年の探査技術の向上により、例えば彗星 67Pに向かったロゼッタ探査機は、彗星表面の形状
からその引張強度を見積もることに成功している。私はダスト付着粒子計算を用いてダスト集合
体の引張強度を求め、それを彗星 67Pの結果と比較した。その結果、彗星 67Pはダスト集合体よ
りも非常にもろいことがわかった。また、彗星 67Pの引張強度を説明するためには、構成粒子半
径がこれまで考えられてきた 0.1 µmではなく、7 µmから 1.3 mm程度でなければならないこと
がわかった。
　さらに、彗星のような数百 mを超える大きさの天体のバルク密度は、天体の自己重力と圧縮強
度のつりあいで決まると考えられている。私はダスト付着粒子計算を用いてダスト集合体の圧縮
強度を求め、それを用いて自己重力とつりあうときのバルク密度を計算し、彗星のバルク密度と
比較した。その結果、ダスト集合体の構成粒子半径が大きいほど、ダスト集合体はもろくつぶれ
やすくなり、バルク密度が高くなる傾向がわかった。そして、彗星 67Pのバルク密度は、10 µm

以上の大きさの構成粒子であれば説明できることを明らかにした。
　これらの結果をまとめると、彗星 67Pは 0.1 µmサイズのダストの集合体ではなく、7 µmから
1.3 mmの大きさの構成粒子が必要であることがわかった。このような構成粒子は、0.1 µmサイズ
のダストからの成長過程を考えると、ダストが密に集まった集合体であることが予想される。す
なわち、彗星は 0.1 µmサイズのダストの集合体が 7 µmから 1.3 mmの大きさになったものが、
さらに集合体になったものである可能性があることを示唆している。このように、ダスト集合体
の強度を用いることで、彗星表面の形状やバルク密度からその形成過程を探ることができる。そ
のためには、彗星探査において、彗星全球の写真を撮るなど、表面の地形モデルを構築できるよ
うな観測が必要である。



©ESA

微惑星形成研究としての彗星探査への期待

奥住 聡 (東京工業大学), 片岡 章雅 (国立天文台), 田中 秀和 (東北大学), Tristan Guillot (コートダジュール天文台)

辰馬 未沙子（東京工業大学 学振PD）

Tatsuuma et al. (2019) Tatsuuma et al. submitted



2

はじめに：この講演の位置づけ

太陽系小天体のデータを用いて、 

微惑星形成過程を明らかにする
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星間ダスト
太陽系小天体探査

高密度 
0.1‒1 mm

観測円盤ダスト

一様集合体 階層集合体

or
はやぶさ2 

Comet Interceptor

微惑星は ダストの直接合体成長 と ペブルの不安定 のどちらで形成されたのか？

微惑星 惑星ダスト集合体

~ 0.1 µm ~ 1–100 km ~ 104–6 km 太陽系小天体探査

高密度 
0.1‒1 mm

観測円盤ダスト

一様集合体 階層集合体

or
はやぶさ2 

Comet Interceptor

微惑星は ダストの直接合体成長 と ペブルの不安定 のどちらで形成されたのか？

ペブル ペブル集合体

~ 1 mm

ダスト成長過程を明らかにする

物性（強度など）を比較
ダスト付着粒子計算

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

太陽系小天体探査
彗星67P

©ESA
e.g., Rosetta mission (2014)

?

ダスト粒子から微惑星までの固体成長過程



 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles
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Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

ダスト集合体/ペブル集合体 ラブルパイル
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Fractal Agglomerates

Porous Agglomerats

Pebbles
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0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles

Pre Concentration Streaming Instability Gravitational Instability
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

4

なぜ彗星なのか？―微惑星に最も近い天体
サイズ

衝突速度
Blum et al. (2022)より改変

分化

未分化

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles
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0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles

Pre Concentration Streaming Instability Gravitational Instability
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles

Pre Concentration Streaming Instability Gravitational Instability
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles

氷集合体  

氷 
岩石集合体

このような彗星を探査したい！
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なぜ探査なのか？―表面形状からわかること

226

SOLAR SYSTEM RESEARCH  Vol. 50  No. 4  2016

BASILEVSKY et al.

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

Basilevsky et al. (2016)

彗星67Pの表面の地形モデル 
(e.g., Preusker et al. 2015)

→ 正確な体積の見積もり 

→ 正確なバルク密度の見積もり
彗星67Pの引張強度 1.5—100 Pa 

(L = 10—100m, H = 5—200 m)

彗星表面の突き出ている部分(overhang)に着目 
(Groussin et al. 2015; Basilevsky et al. 2016)

σT > 3ρgL2

H
g

局所重力
g

L
H

overhangが安定なら

ρ = 470 kg m-3 
(Sierks et al. 2015) 

g = 2×10-4 m s-2 
(Groussin et al. 2015)



6

彗星のバルク密度からわかること
A&A 557, L4 (2013)

m [g]

ρ  
[g

/c
m

3 ]

hit-and-stick

gas compression

self-gravity
compression

compact growth

dust grain

planetesimals

R=5AU

1µm

100µm

1cm

1m
100m

10km

10-5

10-4

10-3

10-2

10-1

100

10-10 10-5 100 105 1010 1015 1020

radial drift
barrier

m [g]

ρ  
[g

/c
m

3 ]

hit-and-stick

gas compression

compact growth

dust grain

planetesimals

R=8AU

1µm

100µm

1cm

1m

10-5

10-4

10-3

10-2

10-1

100

10-10 10-5 100 105 1010 1015 1020

radial drift
barrier

m [g]

ρ  
[g

/c
m

3 ]

hit-and-stick

collisional compression

gas compression

self-gravity
compression

compact growth

dust grain

planetesimals

strong turbulence, R=5AU

1µm

100µm

1cm

1m 100m

10km

10-5

10-4

10-3

10-2

10-1

100

10-10 10-5 100 105 1010 1015 1020

radial drift
barrier

m [g]

ρ  
[g

/c
m

3 ]

hit-and-stick

gas compression

self-gravity
compression

compact growth

dust grain

planetesimals

massive disk, R=8AU

1µm

100µm

1cm

1m
100m

10km

10-5

10-4

10-3

10-2

10-1

100

10-10 10-5 100 105 1010 1015 1020

radial drift
barrier

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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for Young Scientists (24·2120).
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ダスト粒子 微惑星
彗星67P

©ESA

力のつりあい 
自己重力 = 圧縮強度

彗星のバルク密度から 
ダスト集合体の成長過程がわかる
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我々の研究：ダスト集合体強度の計算と定式化

引張強度 → 彗星67Pとの比較 
 (Tatsuuma et al. 2019) 

圧縮強度 → 小天体バルク密度との比較 
(Tatsuuma et al. submitted, in prep.)

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).

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

接触相互作用：付着力のある弾性球

Normal
転がり 
Rolling

滑り 
Sliding

ねじれ 
Twisting

パラメータ 
粒子(モノマー)半径 

物性: 表面エネルギー、ヤング率、ポアソン比など
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引張強度引張強度
H2O氷, モノマー半径0.1 µm

ダスト集合体の引っ張り計算例

体積充填率

引
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ダスト集合体の引張強度と定式化

引張強度 ∝ φ1.8

体積充填率 φ

表面エネルギー = 100 mJ/m2 
モノマー半径 = 0.1 µm

引
張
強
度

 (P
a)

ダスト集合体の引張強度
T ≃ 6 × 105 Pa ( γ

100 mJ m−2 ) ( r0
0.1 μm )

−1
ϕ1.8

小スケールの構造（フラクタル次元が1.9）間の 
モノマー接触が切断するというモデル

表面エネルギー　モノマー半径

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 ξcrit,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
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彗星67Pの引張強度との比較：モノマー半径の制限

彗星67Pをダスト集合体で説明するには 

モノマー半径が0.1 µmより大きくなければならない 

モノマーは7 µm < r0 <1.3 mmのコンパクトな集合体？
モノマー半径 r0 (µm)0.1 µm

H
2O氷

SiO
2

T ≃ 6 × 105 Pa ( γ
100 mJ m−2 ) ( r0

0.1 μm )
−1

ϕ1.8

引
張
強
度

 (P
a)

バルク密度: 532 ± 7 kg m-3 (Jorda et al. 2016) 

→ 体積充填率: 0.53 (H2O氷: 1000 kg m-3), 0.20 (SiO2: 2650 kg m-3) 

引張強度: 1.5–100 Pa (Basilevsky et al. 2016) ©ESA

彗星67P



30 µm 1166 µm

ダスト集合体の圧縮計算例

H2O氷, モノマー半径0.1 µm
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球対称1次元の密度分布と圧力分布を解き、 
直径と平均密度を求める

圧縮強度とバルク密度の関係：彗星との比較
彗星67P

©ESA
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彗星67Pのバルク密度： 

モノマー半径0.1–1 µmでは 
説明できないa 
10 µm以上なら説明できる 
引張強度(7 µm–1.3mm)と 
整合的
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まとめ・彗星探査への期待
付着粒子計算を用いて、ダスト集合体の引張強度と圧縮強度を求めた。a 

ダスト集合体と彗星67Pの引張強度と、圧縮強度から求められるバルク密度を比較した。 

彗星67Pはモノマー半径0.1 µm (星間ダストサイズ)のダスト集合体では説明できない。 
彗星67Pのモノマー半径は7 µm–1.3 mmである必要がある。 

→ 彗星はダスト集合体ではなくペブル集合体の可能性が高く、サイズ制限も可能。 

今後の課題：ペブルをどのように作るか明らかにする。a 

彗星探査への期待：a 

全球の写真を撮るなど、表面の地形モデルを構築できるような観測をしてほしい。 

→ 彗星の構成粒子半径などの形成過程への制限が可能となる。 

多くの彗星で同様の探査をし、統計的な議論ができるようになってほしい。a


