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Abstract

The planets in the solar system formed approximately 4.6 billion years ago.
In the solar nebula, km-sized small bodies are thought to form via accretion
of small dust grains as a first step of the planet formation. The evolution
of dust grains in the protoplanetary disks is the key to understanding the
first step of the planet formation. Submicron-sized interstellar dust grains
are incorporated into the gaseous solar nebula and grow into km-sized
planetesimals. The pathways of dust growth from submicron-sized grains
to km-sized planetesimals are not yet fully understood, however. In this
thesis, we discussed what the building blocks of planetesimals are and how
planetesimals formed in the solar nebula, from the thermal history of small
bodies.

In the inner region of the solar nebula, chondrules, mm-sized spherical
igneous grains, would be formed in the first a few million years of the solar
nebula, although the heating and cooling processes of the igneous spherules
are still under debate. Some chondrules are composed of two or more chon-
drules fused, called compound chondrules. We can interpret the presence of
compound chondrules as the result of collisions between crystallized chon-
drules and supercooled precursors. We focused on the shock-wave heating
within the solar nebula, which is one of the leading candidates for the source
of chondrule-forming events. In Chapters 2 and 3, we evaluated whether
compound chondrules can form via the collision of supercooled chondrule
precursors in the framework of the shock-wave heating model. We found that
chondrule precursors immediately turn into supercooled droplets when the
shock waves are optically thin, and they can maintain supercooling until the
condensation of evaporated fine dust grains. Owing to the large viscosity of
supercooled melts, supercooled chondrule precursors can survive high-speed
collisions on the order of 1 km s−1. We also showed that optically thin shock
waves with a spatial scale of ∼ 104 km could reproduce the fraction, size ratio,
and textural feature of compound chondrules observed in ordinary chondrites.

The thermal and mechanical properties of dust aggregates depend on



iii

their internal structure. In Chapters 4 and 5, we numerically calculated the
thermal conductivity of dust aggregates. We found that the thermal con-
ductivity of dust aggregates through the solid network follows a power-law
function of the filling factor and the coordination number of dust aggregates.
We also give a theoretical explanation for why a power-law gives it from the
fractal structure of dust aggregates in Chapter 6.

The Rosetta mission to comet 67P/Churyumov–Gerasimenko has pro-
vided plenty of data to understand what comets are made of. The thermal and
mechanical properties of dust aggregates depend on their internal structure,
i.e., whether homogeneous or hierarchical. In Chapter 7, we calculated the
thermal inertia, tensile strength, and compressive strength of dust aggregates
using formulae derived in Chapters 4–6. We found that we cannot explain the
tensile strength of the comet if it is a homogeneous aggregate of μm-sized dust
grains. On the other hand, the thermal inertia, tensile strength, and compres-
sive strength of the comet are consistent with those of hierarchical aggregates
of cm- or dm-sized constituent aggregates. Our findings indicate that the icy
planetesimals may form via accretion of cm- or dm-sized compressed dust
aggregates in the solar nebula.

Recent observational studies have revealed that all 1000 km-sized large
trans-Neptunian objects form satellite systems. However, their origins are
still under debate. The largest Plutonian satellite, Charon, is thought to be an
intact fragment of an impactor directly formed via a giant impact, although
whether giant impacts can explain the characteristics of other satellite systems,
e.g., the secondary-to-primary mass ratios, the spin/orbital periods, and their
small eccentricities, remains to be determined. In Chapter 8, we found that
hydrodynamic simulations of giant impacts can reproduce the secondary-to-
primary mass ratio of the satellite systems of large trans-Neptunian objects
when the impact velocity is approximately the same as the escape velocity.
We also revealed that the satellite systems’ current distribution of spin/orbital
periods and small eccentricity could be explained when their spins and orbits
tidally evolve, initially as fluid-like bodies, and finally as rigid bodies. These
results suggest that all satellites of large trans-Neptunian objects were formed
via giant impacts before the outward migration of Neptune and that they were
fully or partially molten during the giant impact era. Recent studies proposed
that accretion of cm-sized dust aggregates onto pre-existing planetesimals can
form 100–1000 km-sized large trans-Neptunian objects within a few million
years.

Thus, we concluded that rapid accretion of cm-sized dust aggregates is a
strong candidate for the origin of small icy bodies including comets and trans-
Neptunian objects. This planet formation scenario is recently featured, and we
revealed that the thermal histories of small icy bodies are also consistent with
the hypothesis. The rapid formation of icy planetesimals in the gaseous solar
nebula might support our scenario for chondrule formation in shock waves
caused by pre-existing eccentric planetesimals. Although understanding of
the physical properties of hierarchical dust aggregates is still limited, we will
reveal the nature of hierarchical dust aggregates in future experiments and
simulations.
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Chapter 1
Introduction

The planets in the solar system formed approximately 4.6 billion years ago. In
protoplanetary disks (PPDs), km-sized small bodies are thought to be formed
via accretion of small dust grains as a first step of the planet formation. This
standard scenario of planet formation is called the planetesimal hypothesis
(Safronov, 1969; Hayashi et al., 1985).

The evolution of dust grains in the protoplanetary disks is the key to un-
derstanding the first step of the planet formation. Submicron-sized interstellar
dust grains (e.g., Mathis et al., 1977; Weingartner and Draine, 2001) are incorpo-
rated into gaseous PPDs and grow into km-sized planetesimals. The pathways
of dust growth from submicron-sized grains to km-sized planetesimals are not
yet fully understood, however. Figure 1.1 shows the schematic of the evolution
of small bodies in PPDs, including dust grains, aggregates, and planetesimals.

1.1 Dust growth in the solar nebula

The dust growth from submicron-sized grains to mm- or cm-sized dust aggre-
gates is thought to be driven by collisional sticking (e.g., Blum and Wurm, 2008;
Testi et al., 2014). The size of dust aggregates embedded in PPDs is evaluated
from astronomical observations. Radio observations of thermal emission from
dust suggest that dust grains have been grown to mm-sized aggregates (e.g.,
Ricci et al., 2010; Natta et al., 2007), and recent observations of millimeter-wave
scattering polarization of PPDs also suggest that the size of mass-dominating
aggregates in PPDs are (sub)mm-size and they are not highly porous (e.g.,
Stephens et al., 2017; Tazaki et al., 2019). The dust growth from submicron-
sized grains to mm-sized dust aggregates occurred not only observed PPDs
but also in the solar nebula. In the inner region of the solar nebula, chondrules,
(sub)mm-sized spherical igneous grains, would be the main dust component
because the volume fraction of chondrules in ordinary chondrites is 60–80%
(Rubin, 2000; Scott, 2007). Although the heating and cooling processes of the
igneous spherules are still under debate, the abundance of chondrules in me-
teorites suggests that mm- or cm-sized dust aggregates, possible chondrule
precursors, would float in the first a few million years of the solar nebula (e.g.,
Connelly et al., 2012; Kita and Ushikubo, 2012).

1



1.1 Dust growth in the solar nebula 2

Figure 1.1: Schematics of the evolution of small bodies in protoplanetary disks. Figure
taken from Dauphas and Chaussidon (2011).

1.1.1 Outcomes of collision

Both experiments and numerical simulations study the collisional growth of
dust aggregates. In the context of planet formation, systematic experimental
studies for the dust growth model started with the work by Blum and Münch
(1993). When the collisional velocity is higher than the critical velocity for col-
lisional growth, collisions among dust aggregates do not result in sticking, but
rather in bouncing of fragmentation (e.g., Blum and Wurm, 2008). Blum and
Wurm (2008) summarized the complex diversity of the collisional interaction
of dust aggregates, and Güttler et al. (2010) derived a comprehensive collision
model. Figure 1.2 shows the classification of collisional outcomes suggested
from laboratory experiments.

Sticking. When the collisional energy of dust aggregates is low, a hit-and-
stick growth is observed in both laboratory experiments (e.g., Wurm and
Blum, 1998; Blum et al., 2000) and numerical simulations (e.g., Dominik and
Tielens, 1997; Paszun and Dominik, 2009). When all dust grains exist as
monomers at first, the mass distribution during the initial growth stage is
quasi-monodisperse, and the collisional energy at this stage is low enough to
avoid restructuring (e.g., Suyama et al., 2008; Okuzumi et al., 2012).

In turbulent gaseous PPDs, the collisional energy of dust aggregates in-
creases with increasing aggregate radii (e.g., Cuzzi and Hogan, 2003; Ormel
and Cuzzi, 2007). Numerical simulations showed that collisions between large
aggregates result in collisional compaction at moderate collision velocities
(e.g., Dominik and Tielens, 1997; Wada et al., 2007, 2008). Laboratory exper-
iments also found that colliding aggregates are elastically and plastically de-
formed at the contact area, which can lead to sticking through surface effects,
or sticking by penetration occurred when the target aggregate is porous and
larger than the projectile (see Güttler et al., 2010; Zsom et al., 2010).

2



1.1 Dust growth in the solar nebula 3

Sticking (S) Bouncing (B)

Mass Transfer (MT)

Erosion (E)

Fragmentation (F)

Before collision

collision velocity

Figure 1.2: Classification of collisional outcomes of dust aggregates (see also Figure 1
of Güttler et al., 2010). Sticking occurs at low collision velocities, and fragmentation
occurs when the collision velocity is higher than the threshold velocity. We define mass
transfer as the outcome, which leads to net growth for the target, and erosion as the
outcome, which leads to net mass loss. Figure taken from Windmark et al. (2012).

Bouncing. When the collision velocity is too high for sticking and also too
low for fragmentation of the projectile, the outcome of collision will bounce.
Experimental studies revealed that collisions between mm- to cm-sized com-
pressed aggregates result in bouncing at moderate collision velocities (e.g.,
Langkowski et al., 2008; Weidling et al., 2009). Whether bouncing collisions oc-
cur or not mainly depends on the filling factor of aggregates; when the filling
factor is lower than 0.1, bouncing collisions hardly occur in laboratory experi-
ments (Langkowski et al., 2008).

Bouncing also occurs in numerical simulations (Wada et al., 2011; Seizinger
and Kley, 2013); however, the threshold filling factor for sticking/bounc-
ing obtained from their simulations is inconsistent with experimental results.
Whether colliding aggregates stick or bounce is determined by the energy dis-
sipation along with a restructuring of the aggregates, and Wada et al. (2011)
found that the critical factor is the mean coordination number: when the mean
coordination number is greater than 6, the restructuring of constituting grains
are limited, and bouncing will occur. The corresponding filing factor is � 0.6 if
aggregates were statically compressed before collision (Arakawa et al., 2019c);
however, this estimate is significantly larger than the threshold filling factor
inferred from experiments (� 0.1; Langkowski et al., 2008). Seizinger and Kley
(2013) also reported that the threshold filling factor for sticking/bouncing is
� 0.5, and this discrepancy between numerical simulations and laboratory ex-
periments remains an open question.

Mass transfer. Wurm et al. (2005) studied collisions between mm-sized pro-
jectile aggregates and cm-sized target aggregates of μm-sized SiO2 constituting
grains. They found that the outcome of collisions is rebound for collisions be-
low 13 m s−1. However, approximately 50% of the mass of the projectile sticks
to the target after the collision at higher collision velocities (∼ 25 m s−1). This
growth mechanism, called mass transfer, may help the planetesimal formation

3



1.1 Dust growth in the solar nebula 4

via collisional growth of dust aggregates (e.g., Windmark et al., 2012).

Erosion. Collisions between similar-sized aggregates result in catastrophic
fragmentation when they collide above the fragmentation threshold velocity.
In contrast, when the projectile-to-target mass ratio is � 1, we can imagine that
the catastrophic fragmentation of the large target aggregate may not occur, but
the outcome of collision is erosion with cratering. Experiments by Schräpler
and Blum (2011) revealed that macroscopic aggregates of μm-sized constitut-
ing grains are eroded via collisions of μm-sized grains at the collision velocities
of � 30 m s−1 (see also Schräpler et al., 2018). Monte Carlo simulations suggest
that erosion limits dust growth in PPDs, and leads to a steady-state size distri-
bution from μm- to dm-sized inside the H2O snowline (Schräpler et al., 2018),
and from μm- to m-sized outside the snowline when we take into account the
density evolution (Krijt et al., 2015).

Using N-body simulations of cohesive particles, Wada et al. (2013) found
that, for the case of projectile-to-target mass ratio of mproj/mtar ≥ 1/64, the
critical velocity for collisional growth, vcrit, is approximately given by

vcrit � 20

√
Ebreak

m0
, (1.1)

where mproj and mtar are the mass of the projectile and target aggregates, and
m0 is the mass of monomer grains. Based on JKR contact theory (Johnson,
Kendall and Roberts, 1971), the breaking energy for a pair of monomers in
contact, Ebreak, is given by (e.g., Wada et al., 2007, 2013)

Ebreak � 23

(
γ5r0

4(1 − ν2)
2

Y2

)1/3

, (1.2)

where γ is the surface energy, r0 is the monomer radius, ν is the Poisson’s
ratio, and Y is Young’s modulus, respectively. This estimate of vcrit obtained
from numerical simulations is also consistent with the results from laboratory
experiments (e.g., Blum and Wurm, 2008; Okuzumi, 2016).

Below this threshold, collisions of dust aggregates generate ejected dust
grains and aggregates. The total mass of the ejecta, meje, at the collision velocity
of vcol < vfrag is given by meje = mproj(vcol/vcrit) (see Wada et al., 2013), and
the target aggregate grows by mass transfer in this condition.

Fragmentation. Fragmentation also occurs when dust aggregates collide at a
velocity above the fragmentation threshold. Both laboratory experiments (e.g.,
Blum and Wurm, 2000; Gundlach and Blum, 2015) and numerical simulations
(e.g., Dominik and Tielens, 1997; Sirono, 2004; Wada et al., 2009, 2013) inten-
sively study this fragmentation threshold velocity.

1.1.2 Fractal aggregates

The structural evolution of dust aggregates in PPDs is a key for understanding
how planetesimals formed. At the beginning of the dust growth, the collisional
energy, Eroll, is lower than the energy needed for restructuring. In this stage,

4



1.1 Dust growth in the solar nebula 5

(a)

(b)

Figure 1.3: Schematic illustrations of (a) the ballistic cluster–cluster aggregation
(BCCA), and (b) ballistic particle–cluster aggregation (BPCA). In these collision se-
quences, we do not consider the restructuring, i.e., compression, of dust aggregates.
Figures taken from Okuzumi et al. (2009).

dust aggregates stick without compression, resulting in highly porous aggre-
gates (e.g., Mukai et al., 1992; Wurm and Blum, 1998; Okuzumi et al., 2009).

In the study of dust growth in astrophysical environments, the hit-and-
stick processes are usually modeled by (a) the ballistic cluster–cluster aggrega-
tion (BCCA), or ballistic particle–cluster aggregation (BPCA) (e.g., Mukai et al.,
1992; Ossenkopf, 1993). Figure 1.3 is the schematic description of BCCA and
BPCA. Note that, in the early stage of dust growth in PPDs, the mass distribu-
tion of aggregates is expected to be (quasi-)monodisperse, then the aggregation
process at this stage can approximate BCCA (e.g., Kempf et al., 1999).

Here we introduce the fractal dimension of dust aggregates, Df, to charac-
terize the structure of aggregates. A simple example of the construction of a
fractal aggregate is shown in Figure 1.4 (see also Vicsek, 1983; Meakin, 1991).
Aggregates shown in Figure 1.4 are self-similar, and the relation between the
number of monomers, N, and the diameter of aggregates, dagg, is given by

log5 N = log3
dagg

d0
, (1.3)

where d0 is the diameter of monomers. We can rewrite Equation (1.3) as

N ∼
(

dagg

d0

)Df

, (1.4)

where Df = ln 5/ln 3 � 1.4648 is the fractal dimension of these self-similar
aggregates.

For dust aggregates formed via collision sequence, we define the fractal
dimension Df by the scaling of the number of constituting monomers, N, and

5



1.1 Dust growth in the solar nebula 6

Figure 1.4: An example of the construction of a deterministic model for preparing frac-
tal aggregates (in two-dimensional space). The fractal dimension is given by Df =
ln 5/ln 3 � 1.4648. Figures taken from Meakin (1991).

6



1.1 Dust growth in the solar nebula 7

the gyration radius of aggregates, rgyr. The definition of the gyration radius is
(e.g., Mukai et al., 1992)

rgyr ≡
√√√√ 1

2N2

N

∑
i

N

∑
j

∣∣ri − rj
∣∣2. (1.5)

Here ri is the position of the i-th constituent monomer grain.
Figure 1.5 shows the projections of three-dimensional dust aggregates with

the number of constituting monomers of N = 214 = 16384. The aggregates
shown in Figures 1.5a and 1.5b are formed via BPCA and BCCA, respectively.
The fractal dimension of aggregates formed via BPCA is Df � 3 (e.g., Mukai
et al., 1992; Tazaki et al., 2016). When the fractal dimension is equal to the
dimension of space, i.e., Df = 3, the aggregates have a constant filling factor φ
through collisional growth.

In contrast, the fractal dimension of aggregates formed via BCCA is lower
than 3; the fractal dimension obtained from numerical simulations is Df � 1.9
(e.g., Mukai et al., 1992; Okuzumi et al., 2009). Since larger fractal aggregates
naturally have a low filling factor when Df < 3, dust aggregates in PPDs are
thought to be extremely fluffy. The filling factor of fractal aggregates with a
fractal dimension of Df < 3 is given by

φ ∼ N1−3/Df . (1.6)

1.1.3 Compression of dust aggregates

The restructuring of dust aggregates is caused by the rolling at contact points
between two monomer grains. Thus the visible collisional compression starts
when Ecol exceeds the energy necessary to roll a particle by 90◦, Eroll (e.g., Do-
minik and Tielens, 1997). In the case of dust aggregates formed via BCCA, nu-
merical simulations suggest that the maximum compression is given by (e.g.,
Wada et al., 2008)

φcol,max ∼ N−1/5, (1.7)

resulting in that the fractal dimension of collisionally compressed aggregates
is Df � 2.5 at the maximum. Note that, the collisional compression process of
highly porous fractal aggregates is poorly understood from experiments, and
future studies on the collisional compression of highly porous aggregates are
necessary.

The static compression process of dust aggregates is also studied (e.g., Güt-
tler et al., 2009; Seizinger et al., 2012; Kataoka et al., 2013b; Omura and Naka-
mura, 2018). Although experiments for highly porous aggregates with filling
factor of φ ≤ 0.1 are still lacking, and there is no reliable theory for predicting
the resulting filling factor in the high-pressure region, both experimental re-
sults and numerical simulations are consistent for the case of dust aggregates
of μm-sized constituent grains with moderate filling factor (e.g., Seizinger et al.,
2012). The filling factor of statically compressed aggregates with the external
pressure of P is (Kataoka et al., 2013b)

φstatic =

(
r0

3

Eroll
P
)1/3

. (1.8)

7



1.1 Dust growth in the solar nebula 8

Figure 1.5: Projections of three-dimensional dust aggregates with a number of constitut-
ing monomers N = 214 = 16384. (a) An aggregate formed via ballistic particle–cluster
aggregation (BPCA). (a) An aggregate formed via ballistic cluster–cluster aggregation
(BCCA). Figures taken from Mukai et al. (1992).

8



1.2 Chondrites and chondrules 9

Figure 1.6: A backscatter electron image of a thin section of ordinary chondrite QUE
97008, which is L(LL) (3.05). The abundant circular and fragmented objects in the im-
age are chondrules. Metal grains and sulfide grains is shown as bright white grains,
and silicates are grey to almost black in backscatter electron images. Figure taken from
Connolly and Jones (2016).

1.2 Chondrites and chondrules

In Section 1.1, we overviewed the dust growth process via collisions in PPDs.
It is thought that μm-sized dust grains turn into mm- to cm-sized aggregates in
the solar nebula via collisions, and a portion of aggregates have experience of
flash heating in the inner solar nebula, resulting in the formation of chondrules,
mm-sized spherical igneous dust particles (e.g., Zanda, 2004, and references
therein). The heating of dust aggregates would also cause the evaporation of
dust aggregates and the formation of nanoparticles (e.g., Miura et al., 2010a).
The existence of nanoparticles in PPDs might change the collisional growth
pathways toward km-sized planetesimals (Arakawa and Nakamoto, 2016b).

The thermal histories of chondrules before and after accretion onto chon-
drite parent bodies are the key to understanding how planetesimals formed in
the inner solar system. In this section, we briefly summarize the formation and
thermal evolution of chondrites and chondrules.

1.2.1 Chondrites

As shown in Figure 1.6, chondrules are the dominant structural component of
chondrites; fragments come from undifferentiated rocky planetesimals. Ger-
man mineralogist Gustav Rose gave the name chondrite in 1863, which comes
from the Greek word, χóνδρoς (chondros, grain), and it is only slightly later
that the word chondrule appears in the literature (see Tschermak et al., 1964;
Connolly and Jones, 2016).

Chondrites are pieces of asteroids; however, it is challenging to prove which
chondrites come from what asteroids. The Hayabusa sample return mission
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revealed that the returned materials from S-type asteroid 25143 Itokawa are
identical to LL5 equilibrated ordinary chondrites (Nakamura et al., 2011; Yuri-
moto et al., 2011). The near-infrared observations of a C-type asteroid, 162173
Ryugu, by Hayabusa2 mission also revealed that the OH feature and low
albedo of Ryugu are consistent with thermally- and shock-metamorphosed car-
bonaceous chondrites (Kitazato et al., 2019). Then we can believe that ordinary
chondrite parent bodies were S-type asteroids, and most carbonaceous chon-
drites came from C-type asteroids.

Chondrites record geological processes, e.g., thermal metamorphism, shock
metamorphism, and aqueous alteration. The primary heat source for chondrite
parent bodies is possibly the decay of short-lived radionuclides such as 26Al
(e.g., Henke et al., 2012a). The meteoritic records of the thermal history of
chondrites provide us with the constraints on the accretion age, size of parent
bodies, and thermal properties of the interior (see, e.g., Gail et al., 2015).

Cosmochemical measurements revealed that chondrules and matrix in
chondrites have chemical (e.g., Palme et al., 2015; Ebel et al., 2016) and iso-
topic (e.g., Budde et al., 2016a,b) complementarities. These complementarities
indicate that the mm-sized chondrules and μm-sized matrix grains must have
formed from a single reservoir, and after their formation, neither the chon-
drules nor matrix grains were lost from the reservoir until planetesimal forma-
tion. Arakawa (2017) proposed that the chondrule–matrix complementarity is
easily explained when chondrules and matrix grains were formed in the same
heating events and that at least some parts of the matrix grains are condensates
of evaporated dust.

1.2.2 Chondrules

“Chondrules would not be predicted to exist if they did not exist” (Connolly
and Jones, 2016). There are still no chondrule formation models that can ex-
plain all observed features of chondrules. Chondrules are igneous spherules,
and they were melted and subsequently cooled. Therefore, the fundamental
variables to understand how chondrules formed are their thermal history and
heating environment (e.g., Desch et al., 2012).

Chondrules are classified by textures and compositions (e.g., Gooding and
Keil, 1981). The most abundant type of chondrule texture is porphyritic.
Porphyritic chondrules mainly consist of phenocrysts of olivine and/or low-
calcium pyroxene. Meteoriticists usually thought that porphyritic chondrules
melt incompletely during their formation (e.g., Lofgren and Russell, 1986;
Hewins and Radomsky, 1990), although (Connolly and Hewins, 1995) reported
that porphyritic textures could be reproduced from completely molten precur-
sors. Nonporphyritic chondrules are minor: 15% of all chondrules in ordinary
chondrites (e.g., Wasson et al., 1995) and 5% in CV carbonaceous chondrites
(e.g., Akaki and Nakamura, 2005). They are classified into three subtypes:
cryptocrystalline, barred, and radial textures (e.g., Gooding and Keil, 1981).
Glassy chondrules are extremely rare (e.g., Krot and Rubin, 1994), and this fact
might indicate that chondrules were formed together with fine dust particles
that aid the nucleation of molten chondrules (e.g., Nagashima et al., 2008).

In chondrites, some chondrules, referred to as compound chondrules, exist
as compounds of two or more chondrules which fused. Figure 1.7 is a micro-
graph of a compound chondrule from a thin section of LL3.00 ordinary chon-
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Figure 1.7: A micrograph of a compound chondrule from a thin section of LL3.00 ordi-
nary chondrite Semarkona. Figure taken from Hubbard (2015).

drite Semarkona (Hubbard, 2015). Most compound chondrules are thought
to be formed by collisions between chondrules (e.g., Gooding and Keil, 1981;
Bischoff et al., 2017); thus, we can give some constraints on the formation en-
vironment of chondrules from the observed feature and fraction of compound
chondrules. Arakawa and Nakamoto (2016a, 2019) studied the formation pro-
cess of compound chondrules from the crystallization process and collision dy-
namics of molten chondrules.

1.3 Comets

Comets are small and irregular-shaped objects composed of ices, organics, and
refractory materials. We think that they keep a record of the physical and chem-
ical evolution of the early solar system. Solar system small bodies—asteroids,
comets, and trans-Neptunian objects—are leftovers from the planet formation
4.6 billion years ago.

Comets are characterized by activity, i.e., the release of gas and dust from
their solid surface, nuclei (see, e.g., Vincent et al., 2019). When they pass
through the inner solar system, they have a coma, which is the nebulous en-
velope of ice and dust particles. Gas and dust tails are also visible features of
comets. The Rosetta mission of the European Space Agency explored comet
67P/Churyumov–Gerasimenko between 2014 and 2016. Activity from the
neck of comet 67P/Churyumov–Gerasimenko is pictured by the Optical, Spec-
troscopic, and Infrared Remote Imaging System, OSIRIS (Keller et al., 2007).
Figure 1.8 shows the jets from the neck region of comet 67P/Churyumov–
Gerasimenko (Sierks et al., 2015).

It is thought that cometary activities are driven by sublimation of ices (e.g.,
H2O and CO2; Kührt and Keller, 1994, 1996). However, the cohesion force
between dust particles on a cometary surface would be larger than the ice sub-
limation pressure if comets were made of submicron-sized dust particles (e.g.,
Tatsuuma et al., 2019). Thus, some “tricks” must be needed to explain how
comets work (e.g., Blum, 2018; Fulle et al., 2019). In Chapter 7, we discuss the
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Figure 1.8: Jets from the surface of comet 67P/Churyumov–Gerasimenko as observed
on 23 September 2014. Figure taken from Sierks et al. (2015).

structure of the nucleus of comet 67P/Churyumov–Gerasimenko, from the me-
chanical and thermal properties, which are revealed by the Rosetta mission. We
also expect that the structure of comets directly associates with the formation
process of icy planetesimals in the early solar system.

1.4 Kuiper belt objects

The Kuiper belt is a donut-shaped region of small icy bodies beyond the orbit
of Neptune. There is also an outer edge of the classical Kuiper belt∗ at heliocen-
tric distances of 50 au (Trujillo et al., 2001). The hypothesis of the distant region
of leftovers from the planet formation in the early solar system is initially pro-
posed by Edgeworth (1943, 1949), as a source of short-period comets. Kuiper
(1951) also proposed that scattering of small icy bodies from the Kuiper belt
may be the origin of spherical clouds of long-period comets, which is called
the Oort cloud (Oort, 1950).

Excluding Pluto and Charon, the most famous Kuiper belt objects (KBOs),
the first observational confirmation of KBOs was in 1992; Jewitt and Luu (1993)
discovered the 100 km-sized object, 15760 Albion (provisional designation 1992
QB1), in the cold classical Kuiper belt. Now we know at least six 1000 km-sized
KBOs, and there are approximately 2400 known KBOs (see List Of Transnep-
tunian Objects). KBOs are also referred to as trans-Neptunian objects (TNOs).

Many KBOs exist as binaries or multiples (see Noll et al., 2008a). The bi-
nary fraction of ∼ 30% is found for cold classical KBOs by Noll et al. (2008b),

∗ Classical Kuiper belt objects, also called cubewanos (named from 1992 QB1), are defined as
low-eccentricity KBOs with heliocentric eccentricity lower than 0.24 (Gladman et al., 2008). The
majority of classical KBOs are dynamically cold, i.e., whose inclination is lower than 5◦. The cold
classical KBOs are dynamically unperturbed, and therefore they would preserve the nature of the
ancient Kuiper belt.
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Figure 1.9: Enhanced color images of Pluto (lower right) and Charon (upper left) taken
by NASA’s New Horizons spacecraft on July 14, 2015. The color and brightness of
both Pluto and Charon have been processed identically. The relative sizes of Pluto and
Charon shown in this figure are approximately correct, but their separation is not to
scale. Figure credit: NASA/JHUAPL/SwRI.

and possible nearly 100% of the cold classical KBOs were initially formed as
binaries (Fraser et al., 2017). There are many models for the origin of binaries
(e.g., Goldreich et al., 2002; Nesvorný et al., 2010; Kominami et al., 2011), and
Nesvorný et al. (2019) recently proposed that these Kuiper belt binaries may
have been formed via streaming instability (e.g., Youdin and Goodman, 2005;
Johansen et al., 2012), based on the spatial orientation of binary orbits.

Binaries of 100 km-sized KBOs usually have mass ratios close to unity (e.g.,
Noll et al., 2008a,b). In contrast, the secondary-to-primary mass ratio of 1000
km-sized large KBOs is typically � 0.1 (e.g., Brown et al., 2006, except for
Pluto–Charon system), suggesting that their origin is different from that of 100
km-sized binaries. Satellite systems around 1000 km-sized KBOs are thought to
be formed via giant impacts (e.g., Canup, 2005). The heating of the equatorial
region of Pluto by Charon-forming giant impact is a possible explanation of
the dark reddish region of Pluto (Sekine et al., 2017, see Figure 1.9). Arakawa
et al. (2019a) found that circular orbits of their satellites (typically eccentricity
lower than 0.1) can be reproduced when they were tidally evolved initially as
dissipative bodies. This suggests that at least 100 km-sized KBOs, which can
retain the heat generated from the decay of short-lived radionuclides such as
26Al, should form in the solar nebula within a few million years after the birth
of the sun (see Chapter 8). The early formation of 100–1000 km-sized KBOs
is consistent with the planetesimal formation scenario proposed by Nesvorný
et al. (2019).
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1.5 This thesis

The evolution of dust aggregates in the solar nebula is the key to understand-
ing the first step of the planet formation. However, the growth pathway from
submicron-sized dust grains to km-sized planetesimals is still unclear. In this
thesis, we discuss what the building blocks of planetesimals are and how plan-
etesimals formed in the solar nebula, from the thermal history of small bodies.

Chondrules, the primary component of chondrites, is thought to form via
flash-heating events in the solar nebula. Some of them exist as compound
chondrules; thus, they would collide in their formation environments. In
Chapter 2, we propose a new scenario for compound chondrule formation:
the supercooled collision model. The collisions between a crystallized chon-
drule and a supercooled precursor explain the textural feature and primary-to-
secondary size ratio of compound chondrules observed within ordinary chon-
drites. In Chapter 3, we further develop our model. We propose that chon-
drules formed via optically thin shock waves, and collisions of supercooled
precursors behind shock fronts make compound chondrules. Using semi-
analytical calculations, we find that 104 km-sized shock waves in the gaseous
solar nebula are the possible candidate for chondrule formation, which is con-
sistent with the observed features of single and compound chondrules and
their survivability.

The thermal and mechanical properties of dust aggregates provide us
plenty of insights into the formation process of small bodies. In Chapter 4, we
numerically calculate the thermal conductivity of dust aggregates whose fill-
ing factor of lower than 0.1. We reveal that the thermal conductivity through
the solid network is approximately proportional to the square of the filling fac-
tor. We further work on the thermal conductivity calculation in Chapter 5 and
find that the thermal conductivity through the solid network is a function of
the filling factor and average coordination number. The average coordination
number also depends on the filling factor, and we obtain a simple relation. In
Chapter 6, we theoretically derive these equations from the fractal structure
of dust aggregates used in our simulations. We introduce a new constant that
characterizes the chain length within fractal aggregates. This constant is essen-
tial to describe the filling factor dependence of the thermal conductivity, and
the compressive strength would also depend on this constant.

Comets are possible survivors of icy planetesimals in the early solar system.
The Rosetta mission revealed the thermal and mechanical properties of comet
67P/Churyumov–Gerasimenko. In Chapter 7, comparing the observational
results and model calculations from our dust aggregate formulae, we find that
the structure of dust aggregates on the comet is not a homogeneous aggregate
constituted from (sub)micron-sized monomer grains. Instead, the hierarchical
aggregate of cm- or dm-sized constituent aggregates well explains the thermal
and mechanical features of the comet. This hierarchical structure of comets
indicates that icy planetesimals grew via accretion of cm- or dm-sized dust
aggregates onto pre-existing planetesimals.

The trans-Neptunian objects are the small icy bodies that resided in the
outer edge of the solar system. Recent observations revealed that all 1000 km-
sized trans-Neptunian objects form satellite systems. In Chapter 8, we carry
out numerical simulations of giant impacts and reveal that not only large satel-
lites but small satellites could form via giant impacts as intact fragments of
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impactors when their impact velocities are approximately the same as their
escape velocities. We also calculate the tidal evolutions of these satellite sys-
tems, which formed after impacts. The observed satellite systems have small
eccentricities typically lower than 0.1. We find that low-eccentricity systems
formed when satellites are tidally evolved initially as fluid-like dissipative bod-
ies. These results suggest that all satellites of large trans-Neptunian objects
formed via giant impacts before the outward migration of Neptune and that
they were fully or partially molten during the giant impact era. The rapid
formation of large trans-Neptunian objects is also consistent with the scenario
that small icy bodies grew via accretion of cm-sized dust aggregates, which is
proposed by recnt numerical simulations of planet formation.

Finally, in Chapter 9, we summarize the main results of this thesis and dis-
cuss an outlook on future work. Although the accretion of cm-sized dust ag-
gregates is a strong candidate for the planetesimal formation mechanism, we
need to understand in detail the physical properties of dust aggregates, the
flash-heating process of floating aggregates, which would make chondrules,
and the accretion process of dust aggregates in the solar nebula.

15



Chapter 2
Compound chondrule
formation via collision of
supercooled droplets

Sota Arakawa and Taishi Nakamoto
Icarus 276, 102–106 (2016).

Abstract

We present a novel model showing that compound chondrules are formed by
collisions of supercooled droplets. This model reproduces two prominent ob-
served features of compound chondrules: the nonporphyritic texture and the
size ratio between two components.

2.1 Introduction

Chondrules are spherical particles of 0.1–1 mm in size contained within chon-
drites, the most common type of meteorites, as a major component. The vol-
ume fraction of chondrules in typical chondrites, i.e., ordinary chondrites, is
up to 70% (Rubin, 2000). It implies that the total mass of all the chondrules in
all the asteroids would be very large. This cannot be ignored compared to the
total solid mass in the asteroid belt. The ages of chondrules are about 4.6 Gyr,
slightly (probably a few Myr or less) younger than the Calcium-Aluminum-
rich Inclusions (CAIs) (e.g., Dauphas and Chaussidon, 2011). Therefore, the
formation of chondrules must be related to the formation of the solar system
itself, especially to the formation of the asteroids, the rocky planets, and prob-
ably Jupiter as well. Revealing the chondrule formation process, therefore,
is one of the keys to elucidating the solar system formation. Chondrules are
thought to be melted by some heating processes in the early solar nebula and
become spherical due to the surface tension. However, heating processes re-
sponsible for chondrule formation and their details remain unclear.
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Studies of chondrules in thin sections have revealed that some chondrules
are composed of two or more chondrules fused together. They are called com-
pound chondrules. The presence of compound chondrules is interpreted to be
the result of collisions among non-solid precursors. Since the compound chon-
drule formation includes multiple precursors, it is a more complicated phe-
nomenon than single chondrule formation. It suggests that by studying com-
pound chondrule formation, we can obtain more information on the chondrule
formation process itself, since it is likely that compound chondrules and single
chondrules are formed by similar mechanisms. Determining the compound
chondrule formation process is an important issue to be addressed.

Previous studies on compound chondrule formation mainly analyzed the
fraction of compound chondrules among all the chondrules, which is ex-
pressed by f ALL

compound and is about 4% ( f ALL
compound = 4 × 10−2) (Gooding and

Keil, 1981). Most of the previous studies assume that compound chondrules
are formed by collisions of molten precursors (the molten-collision model)
(e.g., Ciesla et al., 2004b). The fraction of compound chondrules was estimated
from the fraction of chondrules undergoing collisions with other chondrules
(Gooding and Keil, 1981; Ciesla et al., 2004b). The fraction of chondrules that
underwent collisions with others, fcol, can be estimated by

fcol = nσvtcol, (2.1)

where n is the number density of chondrules, σ is the collisional cross section, v
is the collision velocity, and tcol is the duration of time when compound chon-
drule forming collisions take place. Each quantity may be evaluated as follows.
A typical radius of chondrules r is about 2× 10−2 cm (Rubin, 2000), and the col-
lisional cross section of chondrules σ is about σ ∼ π(2r)2 = 5 × 10−3 cm2. We
assume that the collision velocity is v = 1 × 102 cm s−1 from hydromechani-
cal constraints (e.g., Ashgriz and Poo, 1990). As for the duration of time when
chondrules stay molten, it is suggested to be shorter than 104 sec based on the
cooling rate estimation of chondrule formation (Desch and Connolly, 2002), or
some studies suggest that the duration of time when chondrules stay molten
is only a few sec (e.g., Yurimoto and Wasson, 2002). In order to reproduce
the observed fraction of compound chondrules, f ALL

compound = 0.04, the number

density n should be 8 × 10−6 cm−3 or much higher. Using a similar argument,
Ciesla et al. (2004b) inferred that chondrules would have formed in regions of
the solar nebula that had highly concentrated solids. However, it is not clear
if such a concentrated region can be present in the early solar nebula. For ex-
ample, when we suppose that compound chondrules are formed in the mid-
plane of the minimum mass solar nebula (Hayashi, 1981) at 2 AU, and suppose
that the dust-to-gas mass ratio is raised to be unity due to dust sedimenta-
tion, and suppose that all the dust forms chondrule precursor particles, then
the estimated number density of chondrule precursor particles would only be
about 2 × 10−6 cm−3 when the internal density of precursor particles is about
3 g cm−3. Since the values of σ and vc would not be changed significantly, the
short duration tcol requires a higher number density n to form the large fraction
of compound chondrules.

Compound chondrules have some other noteworthy features. A compo-
nent in a compound chondrule usually holds spherical shape, which is called
primary. In contrast, the other component is usually deformed and called
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secondary. The median size ratio of primary to secondary is approximately
four (Wasson et al., 1995); i.e., the spherical primary is typically four times
larger than the deformed secondary. In addition, compound chondrules can
be grouped into three types according to structure (Wasson et al., 1995): (1)
an adhering type, wherein a small secondary is stuck on a large primary, (2)
a consorting type, where both primary and secondary have roughly the same
size, and (3) an enveloping type, where a secondary encloses a primary. In or-
dinary chondrites, it is found that enveloping compound chondrules are rare
(only eight out of 80 samples or about 10% of all the compound chondrules)
(see Wasson et al., 1995), so in this study we consider only the adhering and
the consorting types. According to Wasson et al. (1995), the fraction of the ad-
hering type is 66/80 = 82.5% and that of the consorting type is 6/80 = 7.5%.

The textures of chondrules contained in compound chondrules have an-
other noteworthy feature. In general, the textures of chondrules are classified
into three types: porphyritic, nonporphyritic, and glassy. According to Good-
ing and Keil (1981), only 16% of all the chondrules are nonporphyritic chon-
drules, while 84% of them are porphyritic. Glassy chondrules are extremely
rare (Krot and Rubin, 1994). In contrast, when we look at components in com-
pound chondrules in ordinary chondrites, we can find that most of them have
nonporphyritic texture. Although the majority of compound chondrules in
CV chondrites is porphyritic, the trend ( f NP

compound/ f ALL
compound 
 1) is common

(Akaki and Nakamura, 2005), where f NP
compound is the fraction of compound

chondrules in nonporphyritic chondrules. Wasson et al. (1995) revealed that
52 primaries and 65 secondaries in 72 adhering and consorting compound
chondrules are nonporphyritic, so the fractions of the nonporphyritic type are
52/72 = 81% for the primary and 65/72 = 90% for the secondary, both of
which are much higher than the fractions in all the chondrules. Experimental
studies showed that nonporphyritic chondrules are formed from completely
molten droplets, and porphyritic ones are formed from partially molten parti-
cles (e.g., Connolly et al., 1998). Therefore, it is strongly suggested that com-
pound chondrules are formed mainly from completely molten droplets, while
single chondrules are formed from partially molten particles.

Experiments (e.g., Nagashima et al., 2006, 2008) showed that completely
molten levitated droplets having no contact with any other solids turned into
a supercooled state at their liquidus temperature as they are cooled. The su-
percooled droplets behaved as fluid particles even at a temperature lower than
the liquidus. If the temperature is maintained properly, the droplets remained
supercooled for a long time. However, when the droplets collide with a solid
particle, they immediately crystallize and form a nonporphyritic texture. Since
the majority of components in compound chondrules are likely to be formed
from completely molten droplets, it seems natural to expect that most of the
compound chondrules have experienced a supercooled state in their formation
process. However, the supercooling has never been taken into consideration in
the context of compound chondrule formation.

In this study, compound chondrule formation with supercooling is ex-
amined. Table 2.1 lists some apparent features and the number of observed
compound chondrules, which should be explained by a successful compound
chondrule formation model. We will address these properties, and we will
see that they can be explained by taking the supercooling into account in the
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Table 2.1: Three features of compound chondrules that should be explained in this
study.

Feature I textural type of almost all (90%)
compound chondrule are nonporphyritic

Feature II size ratio between 4:1
primary to secondary (primary is larger)

Fraction compound chondrule fraction f NP
compound = (4% × 90%)/16% ∼ 20%

in nonporphyritic (or porphyritic) chondrule ( f P
compound = (4% × 10%)/84% ∼ 0.5%)

model.

2.2 Crystallization of melts

Understanding the crystallization mechanism is essential for discussing the
formation process of compound chondrules. However, in previous studies of
compound chondrule formation, the crystallization process was considered in-
correctly. For example, Hubbard (2015) assumed that the viscosity of dust par-
ticles changed continuously from the liquidus temperature to the glass tran-
sition point; however, in reality, the viscosity increases discontinuously at the
solidus temperature.

Figure 2.1 shows a schematic phase diagram of dust in stable states (com-
pletely molten, solid-liquid equilibrium, and crystallized) and metastable
states (supercooled and glass). A metastable state is an unstable equilibrium
state of a macroscopic system in which the system can remain for a long pe-
riod. A supercooled droplet and a glass particle are well-known examples of
metastable states.

In stable states, as the temperature decreases, completely molten droplets
(colored by red in Figure 2.1) turn into partially molten particles (solid-liquid
equilibrium phase, yellow) at their liquidus (∼ 1700–2000 K) (Hewins and
Radomsky, 1990), and partially molten particles turn into crystallized particles
(gray) at their solidus (e.g., 1830 K for the MgSiO3–Mg2SiO4 system) (Bowen
and Andersen, 1914). On the other hand, in metastable states, completely
molten droplets turn into supercooled droplets (light blue) at the liquidus, and
supercooled droplets turn into glass particles (deep blue) at the glass transition
point (e.g., 1063 K for enstatite, reviewed by Stebbins et al., 1984).

Previous studies of compound chondrule formation did not take supercool-
ing into consideration. Although partially molten droplets immediately turn
into crystallized particles, experimental studies (Nagashima et al., 2006, 2008)
revealed that completely molten levitated droplets invariably turn into super-
cooled droplets. Nagashima et al. (2006) studied supercooling and crystalliza-
tion of forsterite droplets using levitation experiments, and they revealed that
the duration of supercooling is longer than 103 sec even if supercooled droplets
are kept at low temperature (1160 K). In addition, a theoretical study by Tanaka
et al. (2008) suggested that the duration of supercooling can be arbitrarily long
if the temperature of these supercooled droplets are kept above their glass tran-
sition points. These supercooled droplets turn into crystallized particles by
contact (Nagashima et al., 2006). We, therefore, suggest that the crystalliza-
tion of supercooled droplets is the key for the compound chondrule formation
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because almost all the compound chondrules have experienced complete melt-
ing.

In this study, we assume that completely molten droplets turn into super-
cooled droplets as their temperature decreases, and supercooled droplets turn
into crystallized particles when they collide with other particles. Even though
supercooled droplets may turn into partially molten droplets, we ignore this
for simplicity. The outline of our model should hardly change with this tran-
sition. More details of the crystallization of supercooled droplets should be
studied in the future.

2.3 Supercooled-collision model for compound

chondrule formation

We propose a novel compound chondrule formation model, wherein com-
pound chondrules are formed through the collision and the crystallization of
supercooled droplets. We call this model a supercooled-collision model. In
this model, the heating mechanism for the chondrule formation is not speci-
fied. Therefore, this model is a general one that could be applicable to various
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Figure 2.1: A schematic phase diagram of dust particles in stable states (completely
molten, solid–liquid equilibrium, and crystallized) and metastable states (supercooled
and glass). Previous studies considered that nonporphyritic chondrules are crystallized
between their liquidus and solidus (gray arrow). In contrast, completely molten levi-
tated droplets invariably turn into supercooled droplets and these supercooled droplets
turn into crystallized particles by contact (blue arrows).
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Figure 2.2: An outline of the supercooled-collision model. The compound chondrules
are formed by collisions between supercooled droplets and crystallized particles.

chondrule formation models.
Figure 2.2 shows an outline of the supercooled-collision model. We sup-

pose that at first the temperature of the dust particles is above the liquidus,
and the particles are completely molten. Afterwards, these particles cool be-
low the liquidus and become supercooled droplets (Figure 2.2a). The super-
cooled droplets are crystallized by collisions with other particles and change
into crystallized particles. When two droplets collide with a large relative ve-
locity, the two droplets fragment into small pieces or separate after the col-
lision and change into two crystallized particles (Figure 2.2b1). On the other
hand, when two droplets collide with a small relative velocity, the two droplets
coalesce and change into one crystallized particle (Figure 2.2b2). When a su-
percooled droplet collides with a crystallized particle (Figure 2.2c), the super-
cooled droplet sticks to the crystallized particle (Figure 2.2d), and a compound
chondrule is formed by rapid crystallization (Figure 2.2e).

The supercooled-collision model immediately reproduces two important
features of compound chondrules, Feature I and Feature II in Table 2.1. The ob-
served Feature I—that most of the compound chondrules are nonporphyritic—
can be reproduced, because a complete molten state is supposed first in the
supercooled-collision model so that molten droplets can experience supercool-
ing, and complete molten droplets can finally form nonporphyritic chondrules.
The observed Feature II—that the primaries (spherical-shaped particles in com-
pound chondrules) have larger sizes than the secondaries (deformed particles)
in almost all the compound chondrules—can be explained by the size depen-
dence of the collision rate. Larger particles have a larger geometrical cross sec-
tion for collision, so they collide with other particles more frequently than do
the smaller particles. In addition, it is often the case that larger particles have
a greater velocity than smaller particles (e.g., Ormel and Cuzzi, 2007), so again
they tend to collide with other particles more frequently, though this depends
on the chondrule forming mechanism and the environment. Thus, larger su-
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percooled droplets are likely to crystallize earlier than smaller droplets and
become the primaries of compound chondrules.

It may be not clear what happens after stage (c) in Figure 2.2 for the colli-
sion of the supercooled droplet. We need to determine if hydrodynamic motion
(Figure 2.2d) or crystallization (Figure 2.2e) occurs, and we do this by evaluat-
ing the time scales of these phenomena. Laboratory experiments suggest that
the crystallization time scale is of the order of 1 sec (Nagashima et al., 2006,
2008). On the other hand, the time scale of the hydrodynamic motion of the su-
percooled fluid caused by collision should be about r/v, where r is the radius
of the droplet and v is the collision velocity. The size of the colliding droplet,
which would become secondary, is of the order of 10−2 cm, and the collision
velocity should be about 102 cm s−1, as will be discussed later. Therefore, the
collision time scale would be of the order of 10−4 sec. Since the time scale of the
hydrodynamic motion is shorter than the crystallization time scale, we can see
that the hydrodynamic motion takes place first and the crystallization follows.
The supercooled droplet colliding into the crystallized particle behaves as a
fluid and deforms first; and after stopping the hydrodynamic motion, it crys-
tallizes. This estimate is consistent with the experimental results (Connolly
et al., 1994).

2.4 Quantitative evaluation of the supercooled-

collision model

The observed feature named Fraction in Table 2.1 (the fraction of compound
chondrules among all the nonporphyritic chondrules, f NP

compound) is about 20%
(Ciesla et al., 2004b). We need to evaluate if the supercooled-collision model
can quantitatively reproduce this observed feature of the compound chon-
drules.

In the supercooled-collision model, the fraction of the compound chon-
drules among all the nonporphyritic chondrules f NP

compound is given by

f NP
compound = nσvtform. Therefore, we suppose that the compound chondrule

forming collision velocities v are 1 × 102 cm s−1, the same as the collision ve-
locities in the molten-collision model; and we have

ntform =
f NP
compound

σv
= 4 × 10−1 cm−3 s. (2.2)

Note that the supposed collision velocity v may be different among the com-
pound chondrule formation models, though the cross section σ is independent
of the models.

In the molten-collision model, it is supposed that the upper limit of tform is
104 sec (or might be a few sec) and v is about 1 × 102 cm s−1, so the number
density should be higher than 4 × 10−5 cm−3 to reproduce a sufficient amount
of the compound chondrules. However, the required number density seems
to be too high to be realized in the solar nebula. For example, as discussed in
section 2.1, the number density of chondrule sized particles at 2 AU may reach
4 × 10−4 cm−3 only if the dust-to-gas mass ratio is about 20:1 in the mid-plane
of the minimum mass solar nebula (Hayashi, 1981).
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In contrast, in the supercooled-collision model, the duration of the super-
cooled state, which can be the duration of compound chondrule formation
tform, can be long. A theoretical study on nucleation (Tanaka et al., 2008) in-
dicated that the duration of the supercooled state can be arbitrarily long de-
pending on the temperature cooling rate. For example, it was shown that the
supercooled state could last for 105 sec or 106 sec, when the cooling rate of the
temperature is 10−2 K s−1 or 10−3 K s−1, respectively. In fact, these slow cool-
ing rates are considered to be appropriate as the cooling rates for chondrule
formation (∼ 10−3–1 K s−1) (Desch et al., 2012). We think that the duration of
the supercooled state can be 105 sec or 106 sec.

Generally, the supercooled-collision model requires a lower number den-
sity compared to the molten-collision model, since the duration for formation
tform can be long because of the supercooling.

2.5 Discussion: application to chondrule formation

models

The supercooled-collision model for compound chondrules proposed in this
study is independent of the chondrule formation models. However, it requires
certain relationships between the number density of chondrule precursors n
and the duration of compound chondrule formation tform as discussed in sec-
tion 2.4. We now examine if some chondrule formation models studied to date
may meet the requirement for compound chondrule formation. The examined
chondrule formation models include the planetesimal bow shock model, the
lightning model, and the impact jetting model.

The planetesimal bow shock model assumes that some eccentric planetesi-
mals in the solar nebula generate bow shocks around them; and the chondrule
precursor particles in the solar nebula are heated by the bow shock, mainly due
to the gas frictional heating (e.g., Morris et al., 2012; Nagasawa et al., 2014). Ac-
cording to Morris et al. (2012), chondrules heated in the shocked gas are cooled
to the glass transition point about 10 hours (� 4 × 104 sec) after heating. This
time scale can be regarded as the duration of the supercooled state and the
duration of compound chondrule formation tform. We then obtain that the re-
quired number density of the chondrule precursors is about 1 × 10−5 cm−3,
which might be realized in a dust-rich region such as the dust-layer at the
mid-plane of the solar nebula. Therefore, the planetesimal bow shock model
may be consistent with compound chondrule formation using the supercooled-
collision model.

The planetesimal bow shock model may provide another benefit for the
compound chondrule formation. Tanaka et al. (2008) showed that supercooled
forsterite droplets are crystallized without collision near the transition temper-
ature (∼ 1200 K) and that they do not turn into glass. Forsterite-rich particles
crystallize spontaneously. In contrast, enstatite-rich particles never crystallize
spontaneously and turn into glass at the transition temperature. To crystal-
lize enstatite-rich particles, some solid particles as nuclei for crystallization
are needed (Nagashima et al., 2008). Since natural chondrites do not contain
many glass chondrules, some nuclei for crystallization should be supplied for
enstatite-rich particles in the chondrule forming. These nuclei may be pro-
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vided as tiny solid particles, which are condensates from silicate vapor in the
chondrule forming region. Miura et al. (2010a) suggested that nm- and μm-
sized dust grains are formed in the shocked region, at the temperature around
1000 K, which is near the glass transition point. Because of the supply of these
small grains, enstatite-rich glassy chondrules are not formed frequently.

The lightning model (e.g., Horányi et al., 1995) assumes that charged dust
particles in the solar nebula are decoupled with gas, and the motions of the
dust particles generate local potential differences in the solar nebula. Electrical
charges are released then as lightning. There are several positive (e.g., Mu-
ranushi, 2010) and negative (e.g., Güttler et al., 2008) opinions regarding this
mechanism. However, from the viewpoint of compound chondrule formation,
the lightning model seems to be inappropriate. Horányi et al. (1995) suggests
that the duration of melting is extremely short (the temperature of the dust
particles decreases at the glass transition point within 10 sec). In this case,
the fraction of compound chondrules cannot be reproduced by the lightning
model.

The impact jetting model (e.g., Johnson et al., 2015) assumes that chondrules
are formed by collisions between planetesimals or protoplanets. According to
Johnson et al. (2015), the dust particles ejected by the collisions are mm-sized
completely molten droplets, and cooling rates of these particles are of the order
of 10−1 K s−1. These features are consistent with the constraints of chondrule
formation. However, the number of collisions per dust particle calculated by
Johnson et al. (2015) is of the order of 102, which might be extremely large
for reproducing the fraction of compound chondrules. This high frequency of
collision leads to the conclusion that not only nonporphyritic chondrules, but
also most porphyritic ones, are compound. In reality, the fraction of compound
chondrules in porphyritic chondrules is only 0.5%. Therefore, the impact jet-
ting model might not be appropriate at least for the compound chondrules in
ordinary chondrites.

2.6 Conclusion

We examined if the supercooled-collision model, a novel model for compound
chondrule formation schematically shown in Figure 2.2, can reproduce the ob-
served features of compound chondrules in ordinary chondrites. Compound
chondrules have three features: there are nonporphyritic textural types (Fea-
ture I), the primary is about four times as large as the secondary (Feature I
I), and 20% of the nonporphyritic chondrules are compound (Fraction). Fea-
ture I suggests that almost all of the compound chondrules have experienced
complete melting (Connolly et al., 1998) and supercooling (Nagashima et al.,
2006). Feature II can be explained by the supercooling and crystallization of
dust particles. Large supercooled droplets tend to collide with other particles
frequently compared to small droplets, with large particles tending to turn into
the primaries and the small supercooled survivors sticking on the primaries.
The fraction of compound chondrule is related to the number density of the
dust particles and the duration of supercooling. Because of the long dura-
tion of supercooling (Tanaka et al., 2008), the required number density can be
low. Therefore, we conclude that compound chondrules are likely to be formed
through collisions among supercooled droplets.
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Abstract

Shock-wave heating within the solar nebula is one of the leading candidates
for the source of chondrule-forming events. Here, we examine the possibil-
ity of compound chondrule formation via optically thin shock waves. Sev-
eral features of compound chondrules indicate that compound chondrules are
formed via the collisions of supercooled precursors. We evaluate whether com-
pound chondrules can be formed via the collision of supercooled chondrule
precursors in the framework of the shock-wave heating model by using semi-
analytical methods and discuss whether most of the crystallized chondrules
can avoid destruction upon collision in the post-shock region. We find that
chondrule precursors immediately turn into supercooled droplets when the
shock waves are optically thin and they can maintain supercooling until the
condensation of evaporated fine dust grains. Owing to the large viscosity of
supercooled melts, supercooled chondrule precursors can survive high-speed
collisions on the order of 1 km s−1 when the temperature is below ∼ 1400 K.
From the perspective of the survivability of crystallized chondrules, shock
waves with a spatial scale of ∼ 104 km may be potent candidates for the
chondrule formation mechanism. Based on our results from one-dimensional
calculations, a fraction of compound chondrules can be reproduced when the
chondrule-to-gas mass ratio in the pre-shock region is ∼ 2 × 10−3, which is
approximately half of the solar metallicity.
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3.1 Introduction

Chondrules are millimeter-sized spherical igneous grains contained within
chondrites, which are the most common type of meteorites, as a major com-
ponent. The volume fraction of chondrules in ordinary chondrites is 60–80%
(e.g., Rubin, 2000; Scott, 2007), and the ages of chondrules are approximately
4.563–4.567 billion years, i.e., they were formed during the first 4 million years
of the solar system (e.g., Connelly et al., 2012; Bollard et al., 2017). Therefore,
they must contain a wealth of information regarding the evolution of the solar
nebula. In the canonical view, small dust grains in the solar nebula grew into
millimeter-sized aggregates, after which chondrules were formed by the melt-
ing of these aggregates in the early solar nebula and became spherical owing
to their surface tension (e.g., Zanda, 2004); however, their precise origin is still
unclear.

Some chondrules, referred to as compound chondrules, are composed of
two or more chondrules fused together. They comprise a low percentage of all
chondrules (e.g., 4% in ordinary chondrites; Gooding and Keil, 1981); however,
they may offer crucial information regarding the physical state of solid materi-
als during chondrule formation because they occur not only in ordinary chon-
drites but also in many classes of chondrites (e.g., Akaki and Nakamura, 2005;
Bischoff et al., 2017). Although the formation process of compound chondrules
is still under debate, we can interpret the presence of compound chondrules
as the result of collisions (e.g., Gooding and Keil, 1981; Ciesla et al., 2004b;
Miura et al., 2008b; Bogdan et al., 2019). The ubiquitous existence of cratered
chondrules (approximately 10% of all chondrules) also indicates that some of
the chondrules have experienced collision when they crystallize (e.g., Gooding
and Keil, 1981). Wasson et al. (1995) examined compound chondrules in thin
sections and classified each constituent chondrule as primary or secondary.
Primary chondrules retain their spherical shape, while secondary chondrules
are deformed. Compound chondrules with blurred intrachondrule boundaries
are extremely rare within ordinary chondrites (Wasson et al., 1995). There-
fore, most compound chondrules are formed by collisions between crystallized
chondrules and non-crystallized precursors (Arakawa and Nakamoto, 2016a),
or at least two components with a significant viscosity difference to be able to
distinguish primary and secondary chondrules (Yasuda et al., 2009).

Chondrules exhibit various textures, reflecting their different compositions
and thermal histories (e.g., Gooding and Keil, 1981). In general, the textures of
chondrules are classified into three textural types, that is, porphyritic, nonpor-
phyritic, and glassy. Porphyritic chondrules consist of phenocrysts of olivine
and/or low-calcium pyroxene, with accessory amounts of sulfides and metal
nuggets suspended in mesostasis. Nonporphyritic chondrules are usually clas-
sified into three subtypes (e.g., Gooding and Keil, 1981): cryptocrystalline,
composed of nanometer- and micrometer-sized fine grains; radial-pyroxene;
and barred-olivine chondrules (barred-pyroxene and radial-olivine chondrules
also exist but are minor components). Glassy chondrules are extremely rare,
and they are only mentioned occasionally (e.g., Krot and Rubin, 1994). It is
typically thought that nonporphyritic and glassy chondrules are formed from
completely molten precursors, while porphyritic chondrules melt incompletely
during their formation (e.g., Lofgren and Russell, 1986; Hewins and Radom-
sky, 1990), although porphyritic textures can also be reproduced from com-
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pletely molten precursors (e.g., Connolly and Hewins, 1995; Srivastava et al.,
2010).

Here, we note that the textures of chondrules contained in compound chon-
drules have noteworthy features. Gooding and Keil (1981) and Wasson et al.
(1995) reported that approximately 15% of all chondrules in ordinary chon-
drites are nonporphyritic, and most of them have porphyritic textures. In
contrast, when we observe the components in compound chondrules, most
of the constituent chondrules are nonporphyritic (Wasson, 1993; Wasson et al.,
1995). For the case of compound chondrules in ordinary chondrites, Wasson
et al. (1995) revealed that 81% of primaries and 90% of secondaries are non-
porphyritic chondrules, and the same trend is also reported by Akaki and
Nakamura (2005) for compound chondrules in CV carbonaceous chondrites.
Therefore, compound chondrules selectively form from precursors of nonpor-
phyritic chondrules. Dynamic crystallization experiments (e.g., Tsukamoto
et al., 1999; Nagashima et al., 2006, 2008) have revealed that completely molten
levitated precursors having no contact turn into supercooled droplets as they
are cooled sufficiently below their liquidus temperature. In addition, once
these supercooled droplets collide with other particles, they crystallize instan-
taneously (e.g., Connolly et al., 1994). Therefore, when a crystallized chondrule
and a supercooled precursor collide and stick together, a compound chon-
drule is formed (Arakawa and Nakamoto, 2016a). This supercooled-collision
scenario is consistent with the observed feature of the textures of chondrules
contained in compound chondrules because the precursors of nonporphyritic
chondrules selectively turn into supercooled droplets.

Numerous ideas have been proposed as mechanisms for single-chondrule
formation, including shock-wave heating (e.g., Hood and Horányi, 1991; Iida
et al., 2001; Boley et al., 2013; Mai et al., 2018), planetesimal collisions (e.g., As-
phaug et al., 2011; Dullemond et al., 2014; Johnson et al., 2015; Wakita et al.,
2017), and radiative heating by lightning (e.g., Horányi et al., 1995; Desch and
Cuzzi, 2000; Muranushi, 2010; Johansen and Okuzumi, 2018). The combina-
tion of theoretical calculations and observations of chondrules provides several
constraints on the properties of the chondrule formation mechanisms. For ex-
ample, the shapes of chondrules are usually close to perfect spheres, but some
of them have prolate shapes (Tsuchiyama et al., 2003); these prolate shapes can
be explained by the rotation of molten chondrules exposed to a fast gas flow
in the framework of the shock-wave heating model (Miura et al., 2008a). The
maximum and minimum sizes of chondrules are also consistent with the the-
oretical predictions of shock-wave heating models (e.g., Susa and Nakamoto,
2002; Miura and Nakamoto, 2005).

Shock-wave heating within the solar nebula is one of the leading candidates
for the source of chondrule-forming transient events. Shock waves could be
created by the eccentric planetesimals/protoplanets perturbed by Jovian reso-
nances and the secular resonance caused by the gravity of the protoplanetary
disk (e.g., Weidenschilling et al., 1998; Nagasawa et al., 2019) or by gravita-
tional instabilities in the protoplanetary disk (e.g., Boss and Durisen, 2005; Bo-
ley and Durisen, 2008). The process of heating chondrule precursors by shock
waves has been investigated in detail in many previous studies. The shock-
wave heating model can satisfy various first-order constraints related to chon-
drule formation, such as the peak temperature and the formation age (e.g.,
Desch et al., 2012).
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One important challenge for shock-wave heating models was noted by
Nakamoto and Miura (2004) and Jacquet and Thompson (2014): chondrule pre-
cursors of different sizes have different velocities in the post-shock region, and
they should collide at a high speed (approximately a few km s−1), which may
cause their destruction rather than compound chondrule formation upon col-
lision. However, the critical velocity for collisional sticking/destruction may
strongly depend on the physical states of colliding precursors, e.g., phase,
temperature, and size ratio. For example, Ciesla (2006) argued that partially
molten chondrules with highly viscous outer layers could survive high-speed
collisions because energy dissipation in droplet collisions increases as the vis-
cosity of the liquid is increased (e.g., Ennis et al., 1991; Willis and Orme, 2003).
We note that the viscosity of silicate melts strongly depends on the temper-
ature, and supercooled droplets must have significantly high viscosity (e.g.,
Fulcher, 1925); therefore, the collision of supercooled chondrule precursors in
post-shock regions can potentially explain the formation of compound chon-
drules. In addition, for the case of optically thin shock waves, collisions of
chondrule precursors mostly occur when they are in the supercooled state.

In this study, we examine the possibility of compound chondrule formation
via optically thin shock waves. We evaluate whether compound chondrules
can be formed via the collision of supercooled chondrule precursors in the
framework of the shock-wave heating model by using semi-analytical methods
and discuss whether most of the crystallized chondrules can avoid destruction
upon collision in the post-shock region. The objectives of this study are to pos-
tulate how the supercooling of chondrule precursors could affect the outcomes
of high-speed collisions and suggest a novel scenario for compound chondrule
formation.

3.2 Models

3.2.1 Outline

Most of the previous studies on chondrule-forming shock-wave heating mod-
els assumed that the shock waves are optically thick and chondrules are ther-
mally coupled with gas in post-shock regions (e.g., Morris and Desch, 2010);
however, optically-thick shock waves have a critical issue in the context of
compound chondrule formation. Chondrules in optically thick shock waves
should maintain a high temperature above their liquidus in post-shock regions
(e.g., Morris and Desch, 2010), and molten chondrules cannot avoid collisional
destruction if they are in the molten state (e.g., Jacquet and Thompson, 2014).
Therefore, in this study, we examine the scenario whereby compound chon-
drules are formed via optically thin shock waves. The prominent feature of
the optically thin shock-wave model is its rapid cooling as a result of radiative
cooling (e.g., Ciesla et al., 2004a).

The formation process of single and compound chondrules in an optically
thin shock wave is illustrated in Figure 3.1. There are chondrule precursors
and fine dust grains in the pre-shock region; the fine dust grains should evapo-
rate immediately after passing the shock front, while the chondrule precursors
are converted into molten droplets (e.g., Miura and Nakamoto, 2005). There
are no fine dust grains immediately behind the shock front, and these evapo-
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Figure 3.1: Outline of our compound chondrule formation scenario. Molten chondrule
precursors formed via passage of the shock front immediately turn into supercooled
droplets because of their radiative cooling. Then, some supercooled precursors experi-
ence collision and become crystallized chondrules, and if a crystallized chondrule and
a supercooled precursor collide and stick together, a compound chondrule is formed.

rated dust grains recondense when the gas temperature drops below the dust
condensation temperature Tc (in this study, we assume Tc = 1600 K). Molten
precursors formed via the passage of the shock front quickly transform into su-
percooled droplets because of their radiative cooling, and the temperature of
supercooled droplets is controlled by the balance between the energy transfer
from hot gas molecules to cold droplets and the radiative cooling of droplets
(see Equation 3.45). Although most of the precursors are in the supercooled
state before the recondensation of fine dust grains, some precursors experience
collision and become crystallized chondrules before the recondensation of fine
dust grains. Moreover, if a crystallized chondrule and a supercooled precur-
sor collide and stick together, a compound chondrule is formed (Arakawa and
Nakamoto, 2016a). Finally, the gas temperature decreases and the recondensa-
tion of fine dust grains occurs downstream, after which supercooled survivors
collide with fine dust grains and turn into crystallized chondrules.
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3.2.2 Chondrule dynamics

In this study, we consider one-dimensional normal shocks, as in previous stud-
ies (e.g., Nakamoto and Miura, 2004; Ciesla, 2006; Jacquet and Thompson,
2014). We do not calculate the thermal/dynamical evolution of gas behind the
shock front; we assume a simple gas structure, so that the dynamics of chon-
drules is simulated in the given gas flow. We assume that the gas velocity with
respect to the shock front vg and the gas density ρg change across the shock
front as functions of the distance from the shock front x as follows:

vg =

{
v0 (x < 0),
v0 +

(
vpost − v0

)
exp (−x/L) (x ≥ 0), (3.1)

and

ρg =

{
ρg,0 (x < 0),(
vg/v0

)−1
ρg,0 (x ≥ 0),

(3.2)

where v0 is the pre-shock gas velocity with respect to the shock front, vpost is
the post-shock gas velocity with respect to the shock front, ρg,0 is the pre-shock
gas density, and L is the spatial scale of the chondrule-forming shock. The
post-shock gas velocity, vpost, is given by the Rankine–Hugoniot relations as
vpost = [(γ − 1)/(γ + 1)]v0, where γ is the ratio of specific heats. In this study,
we set ρg,0 = 3 × 10−9 g cm−3, v0 = 12 km s−1, and γ = 1.4. Similarly, the
temperature of the gas Tg is assumed as follows:

Tg =

{
T0 (x < 0),
T0 +

(
Tpost − T0

)
exp (−x/L) (x ≥ 0), (3.3)

and we assume that the pre-shock gas temperature is T0 = 500 K and the post-
shock gas temperature is Tpost = 2000 K. The sound velocity cs is given by
cs ≡ (2kBTg/mg)

1/2, where kB = 1.38 × 10−16 erg K−1 is the Boltzmann con-
stant, and we set the gas molecule mass mg = 3.34 × 10−24 g, which values
correspond to H2 gas.

The velocity of chondrules with respect to the shock front, v, will change
as a function of the distance from the shock front x (e.g., Hood and Horányi,
1991):

4π

3
r3ρ

dv
dx

= −CD

2
πr2ρg

∣∣v − vg
∣∣

v
(
v − vg

)
, (3.4)

where CD is the drag coefficient, r is the chondrule radius, and ρ = 3.3 g cm−3

is the internal density of chondrules (Ciesla et al., 2004a). The drag coefficient
CD is given by

CD =
2
3s

√
πT
Tg

+
2s2 + 1√

πs3 exp (−s2) +
4s4 + 4s2 − 1

2s4 erf(s), (3.5)

where the temperature of the chondrule is T, and s is given by s ≡ |v − vg|/cs.
The drag coefficient CD is a function of the normalized relative velocity s, and
we note that CD approaches

CD � 2, (3.6)
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for the supersonic limit (i.e., s 
 1) and

CD � 16
√

π

3s

(√
T
Tg

+
1

8π

)
, (3.7)

for the subsonic limit (i.e., s � 1). We can understand the dynamics of chon-
drules by considering the stopping length lstop. For the case in which chon-
drules move in gas with supersonic velocities, lstop is approximately given by

lstop ≡
(

1
v

dv
dx

)−1

� 4
3

ρ

ρg

(
v − vg

v

)−2
r

∼ 2 × 102
(

v
v − vg

)2( r
1 mm

)( ρg

2 × 10−8 g cm−3

)−1
km. (3.8)

If the spatial scale of shock L is much larger than lstop, the velocity of a chon-
drule v reaches vpost behind the shock front, while v barely changes when
L � lstop (see Figure 3.3b).

The equation of energy for a chondrule in gas is given by (e.g., Hood and
Horányi, 1991)

4π

3
r3ρcheat

dT
dx

=
4πr2

v
(Γ − Λ), (3.9)

where cheat = 1 × 107 erg g−1 K−1 is the specific heat (Ciesla et al., 2004a), Γ is
the heating rate via gas–chondrule energy transfer per unit area, and Λ is the
rate of radiative cooling per unit area. In this study, the effects of latent heat
and evaporation (e.g., Miura et al., 2002) are not considered for simplicity. The
heating rate via gas–chondrule energy transfer Γ is

Γ = ρg
∣∣v − vg

∣∣(Trec − T)CH, (3.10)

where Trec is the adiabatic recovery temperature and CH is the heat transfer
function, called the Stanton number. The adiabatic recovery temperature Trec
and the Stanton number CH are given by (e.g., Gombosi et al., 1986)

Trec =
Tg

γ + 1

[
2γ + 2(γ − 1)s2

− γ − 1

(1/2) + s2 + (s/
√

π) exp (−s2)erf−1(s)

]
,

(3.11)

and

CH =
γ + 1
γ − 1

kB

8mgs2

[
s√
π

exp (−s2) +

(
1
2
+ s2

)
erf(s)

]
. (3.12)

We assume that the optical depth of the chondrule-forming region is not
far larger than unity and chondrules are thermally decoupled from the gas.
Here, we check the validity of this assumption. We define Rw as the width of
the warm region (i.e., the region with a gas temperature of Tg 
 T0), and the
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width of the heating region whose optical depth is unity, Rw,1, can be estimated
as follows:

Rw,1 =
(
κρg
)−1 ∼ 103

(
ρg

3 × 10−9 g cm−3

)−1
km, (3.13)

where κ ∼ 3 cm2 g−1 is the opacity of the solar-metallicity protoplanetary disk
(e.g., Pollack et al., 1985). Therefore, if the width of the heating region Rw is
not larger than Rw,1, and we do not consider significant enrichment of fine
dust grains in the solar nebula, we can apply the optically thin approximation
for chondrule-forming shock waves. The width of the heating region Rw is
roughly given by the planetary radius Rp when the shock waves are caused
by eccentric planetary bodies (e.g., Boley et al., 2013). Under the optically thin
shock assumption, the rate of radiative cooling per unit area of a chondrule Λ
is given by

Λ = εσSBT4 − εσSBT4
0 , (3.14)

where ε = 0.9 is the Planck mean emission/absorption coefficient (Ciesla et al.,
2004a) and σSB = 5.67 × 10−5 erg cm−2 K−4 s−1 is the Stefan-Boltzmann con-
stant.

3.2.3 Size-frequency distribution

Several studies (e.g., Rubin and Grossman, 1987; Nelson and Rubin, 2002; Met-
zler, 2018) have focused on chondrule size-frequency distributions. The size-
frequency distributions of chondrules usually use ∅-units, which are defined
by,

∅ ≡ − log2
2r

1 mm
, (3.15)

or we can rewrite the above equation as r = 2−(∅+1) mm. The mass of chon-
drules m(∅) is given by m(∅) = (4π/3)ρr3.

Here, we assume that the size-frequency distribution in the pre-shock re-
gion f0(∅) is similar to the size-frequency distribution in chondrites (Jacquet,
2014); although Kadono and Arakawa (2005) proposed that the size-frequency
distribution may originate from the breakup of huge molten precursors. The
size-frequency distribution of chondrules in ordinary chondrites is approxi-
mately log-normal (e.g., Rubin and Grossman, 1987; Nelson and Rubin, 2002),

f0(∅) ∝ exp

[
−1

2

(
∅−∅mean

∅SD

)2
]

; (3.16)

although, in reality, it is known that there is a cutoff for small chondrule sizes
(e.g., Eisenhour, 1996; Metzler, 2018). In this study, we assume ∅mean = 0.8 and
∅SD = 0.8, which are the mean and deviation for chondrules in LL ordinary
chondrites (Nelson and Rubin, 2002). The total number density of chondrules
in pre-shock region N0 is given by

N0 =
ρc,0∫

∅max
∅min

d∅ f0(∅)m(∅)
, (3.17)
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where ρc,0 is the mass density of chondrules in the pre-shock region, and ∅min
and ∅max are the minimum and maximum of ∅ in the size-frequency distri-
bution, respectively (in this study, we set ∅min = −3 and ∅max = +3). The
size-frequency distribution in the pre-shock region satisfies

∫
∅max
∅min

d∅ f0 = 1
by definition. The number density of chondrules whose size is ∅, n0(∅), is
also given by

n0(∅) = f0(∅)N0. (3.18)

The number density of chondrules in the post-shock region, n(∅, x), changes
with changing chondrule velocity v = v(∅, x). Under the one-dimensional
normal shock approximation, n(∅, x) is given as follows:

n(∅, x) = n0(∅)
v0

v(∅, x)
. (3.19)

Using the geometrical optics approximation, the mean opacity of chon-
drules, κc, is given by

κc =

∫
∅max
∅min

d∅ n(∅, x)πr2∫
∅max
∅min

d∅ n(∅, x)m
, (3.20)

and κc in the pre-shock region is κc,0 = 3.67 cm2 g−1. We found that κc is
dominated by 0.5 mm-sized chondrules in the pre-shock region. When we
take into account the contribution of κc, the optical depth of the heating region,
τ, is evaluated from

τ =
(
κρg + κcρc

)Rw, (3.21)

the latter term, κcρc, is negligibly smaller than the former term, κρg, however.

3.2.4 Collision frequency

Here, we describe how to calculate the collision frequency of chondrules. We
define ζt,p as the collision frequency per unit distance of a target chondrule,
whose size is ∅t, with a projectile chondrule, whose size is ∅p. Then, ζt,p is
given as follows:

ζt,p(∅t,∅p, x) = n(∅p, x) · π(rt + rp)
2 |v(∅p, x)− v(∅t, x)|

v(∅t, x)
. (3.22)

The collision frequency of a target chondrule with any projectile, Zt, is therefore
given by

Zt(∅t, x) =
∫

∅max

∅min

d∅p ζt,p(∅t,∅p, x). (3.23)

Finally, the expected number of collisions for each target chondrule after pass-
ing the shock front, Σt, is given by

Σt(∅t, x) =
∫ x

0
dx′ Zt(∅t, x′). (3.24)

Here, we note that the fraction of compound chondrules among all the non-
porphyritic chondrules in ordinary chondrites is approximately 20% (Ciesla
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et al., 2004b; Arakawa and Nakamoto, 2016a). Therefore, the expected number
of collisions Σt should be on the order of 20% for small chondrules whose radii
are comparable to that of typical secondaries, and Σt may be ∼ 1–2 for large
chondrules whose radii are comparable to that of typical primaries because pri-
maries have experienced collisions twice (see Section 3.2.1 and Arakawa and
Nakamoto, 2016a).

3.2.5 Critical velocity for collisional sticking/merging

When a droplet collides with a solid sphere, the expected collision outcomes
are sticking, bouncing, or splashing (e.g., Josserand and Thoroddsen, 2016).
Similarly, when two droplets collide, the collision outcomes are merging,
bouncing/separation, or splashing (e.g., Qian and Law, 1997). Bouncing usu-
ally occurs for grazing collisions. In this study, we examine the critical veloc-
ity for compound chondrule formation from the view point of whether super-
cooled droplets can stick or not. For the description of droplet collisions, it is
necessary to consider the physical properties involved: viscosity η, density ρ,
and surface tension σ, as well as geometrical properties of the system such as
droplet radius r and the impact velocity vimp.

Dimensionless parameters for describing droplet collisions

Using dimensional analysis, we can easily identify the relevant dimension-
less parameters to describe binary collisions of liquid droplets (e.g., Ashgriz
and Poo, 1990). For the case of head-on collision of equal-sized droplets with
identical liquids, the basic parameters are the Weber number We, the Reynolds
number Re, and the capillary number Ca:

We ≡ 2ρrvimp
2

σ
, (3.25)

Re ≡ 2ρrvimp

η
, (3.26)

Ca ≡ ηvimp

σ
≡ We

Re
. (3.27)

For the inviscid fluid limit (i.e., Ca � 1), the criteria for collisional sticking
should be given by the critical value of the Weber number Wecr,i;

We < Wecr,i, (3.28)

and, for the viscous fluid limit (i.e., Ca 
 1), the criteria should be given by
the critical value of the Reynolds number Recr,v;

Re < Recr,v. (3.29)

This expression can be converted into the expression of the critical Weber num-
ber by using the capillary number as follows:

We < Recr,vCa. (3.30)

Therefore, we can imagine that the critical Weber number for collisional stick-
ing, Wecr, can be given by the following equation:

Wecr � Recr,vCa + Wecr,i. (3.31)
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Criteria proposed by Sommerfeld and Kuschel (2016)

Droplets are affected by large deformation and energy dissipation when they
collide; therefore, it is logical to use Ca, which is the ratio of viscous forces to
surface tension forces, for the expression of Wecr. Recently, Sommerfeld and
Kuschel (2016) proposed an equation for Wecr as follows:

Wecr =
K3

3
Ca + 2K, (3.32)

where K = 6.9451 is called the structure parameter (Naue and Bärwolff, 1992),
and we obtain Wecr = 111.66Ca + 13.89 (see Appendix 3.A).

From Equation (3.32), we can calculate the critical velocity for head-on col-
lision of equal-sized droplets vcr as follows:

vcr(η, r) =
K3

12
η

ρr

(
1 +

√
1 +

144
K5

ρσr
η2

)
, (3.33)

and when vcr are controlled by viscous dissipation, these critical velocities are
given by vcr ∼ 55.8η/(ρr). In this case, the critical velocities are proportional
to the viscosity and inversely proportional to the droplet radius.

For the case of collisions of different-sized droplets with different viscosi-
ties, the critical velocity for collisional merging vmerge is not yet understood (Li
et al., 2016). In this study, we evaluate vmerge from the geometric mean of vcr of
the target and projectile:

vmerge =
√

vcr(ηt, rt) · vcr(ηp, rp), (3.34)

where ηt and ηp are the viscosities of the target and projectile, respectively.
Likewise, when a non-crystallized projectile collides with a solidified target
chondrule, we evaluate the critical velocity for collisional sticking vstick from
vcr of the projectile (see Appendix 3.B):

vstick = vcr(ηp, rp). (3.35)

The colliding supercooled droplets can turn into compound chondrules when
the impact velocity vimp is lower than vstick. We note that our evaluation of
vmerge and vstick is not more than a rough order-of-magnitude estimate, and
future studies on this issue are needed.

To determine the critical velocity for collisional sticking/merging, we need
to know the material properties of silicate melts, η and σ. Hubbard (2015)
calculated the viscosities of chondrule melts by using the formula of Giordano
et al. (2008) which is based on the Vogel–Fulcher–Tammann viscosity equation
(Vogel, 1921; Fulcher, 1925; Tammann and Hesse, 1926);

log10
η

1 P
= −3.55 +

5084.9 K
T − 584.9 K

. (3.36)

In contrast, the surface energy is only slightly dependent on the temperature,
and we set σ = 400 erg cm−2 (Murase and McBirney, 1973).

The calculated vcr is shown in Figure 3.2. There is a strong dependence of
vcr on T, and we found that supercooled chondrule precursors could survive
high-speed collisions on the order of 1 km s−1 when the temperature is below
1400 K.
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Figure 3.2: The critical velocity vcr as a function of the radius of colliding droplets r
and their temperature T. The viscosity of chondrule droplets is obtained from Equation
(3.36).

Temperature increase after collision

When a droplet collides and sticks with another chondrule, the kinetic energy
of the droplet is converted into thermal energy. The impact energy Eimp and
the thermal energy Eth are given by

Eimp =
1
2

mtmp

mt + mp
vimp

2, (3.37)

and
Eth = mpρcheatΔT, (3.38)

where mt and mp are the masses of the target and the projectile, respectively. By
assuming Eth � Eimp, the increase in the droplet temperature ΔT is estimated
as follows:

ΔT ∼ 1.5 × 102
(

1 +
mp

mt

)−1( vimp

1 km s−1

)2
K. (3.39)

This order estimation implies that, when the impact velocity vimp is far larger
than a few km s−1 and the projectile-to-target mass ratio mp/mt is lower than
unity, the colliding supercooled droplet would evaporate after collision rather
than turn into a compound chondrule because the increase in the droplet tem-
perature would be ΔT � 1000 K (although we should consider the effect of
the latent heat in reality). Conversely, the effect of ΔT is negligible when
vimp � 1 km s−1 or mp/mt 
 1. Hence we do not consider an increase in
temperature after collision for simplicity.

3.2.6 Catastrophic disruption criteria

It is known that fragments of chondrules are common in chondrites (Nelson
and Rubin, 2002), and fragmentation could have occurred in the solar nebula;
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for example, chondrule fragments within enveloping compound chondrules
are fragmented in the solar nebula (Wasson et al., 1995). After the crystalliza-
tion of chondrule precursors, the disruption of chondrules could occur in the
post-shock region via high-speed collisions. The catastrophic disruption crite-
ria is Eimp ≤ (

mt + mp
)
Q∗

RD, and the critical specific energy for catastrophic
disruption Q∗

RD is given by (Stewart and Leinhardt, 2009)

Q∗
RD = qs

( rC1

1 cm

)9μ/(3−2ϕ)
(

vimp

1 cm s−1

)2−3μ

erg g−1, (3.40)

where qs, μ, and ϕ are dimensionless material properties, and the normalized
radius rC1 is given as follows:

rC1 =

(
3

4π

mt + mp

1 g cm−3

)1/3
. (3.41)

For intact rocks such as basalt and granite, Stewart and Leinhardt (2009) re-
ported that the dimensionless material properties of qs = 7 × 104, μ = 0.5, and
ϕ = 8 provide a reasonable fit for the experimental data. Therefore the critical
velocity for catastrophic disruption, vdisrupt, is given as follows:

vdisrupt = 5.12 × 103
(

mt

mp

)2/3(
1 +

mp

mt

)49/39

·
(

mt

10−3 g

)−1/13
cm s−1. (3.42)

Collisional disruption experiments with chondrules in Allende CV3 chon-
drite have been performed by Ueda et al. (2001), and they revealed that the
catastrophic disruption criteria for similar-sized chondrules is approximately
1.5 × 104 cm s−1. This experimental result validates our evaluation of vdisrupt.

3.3 Results

3.3.1 Chondrule dynamics and thermal history

We first show the chondrule dynamics and thermal history in optically thin
shock waves. Here, we consider small and large shock waves whose spatial
scales are L = 100 km and L = 10000 km, respectively. Figure 3.3 shows
the velocity of chondrules with respect to the shock front v and gas velocity
vg. Figure 3.3a clearly shows that v does not approach vpost (= 2 km s−1) for
the small-scale shock wave. In contrast, for the large-scale shock wave (Figure
3.3b), v approaches vpost in the post-shock region. This is because the stopping
length of chondrules lstop is significantly smaller than the spatial scale L (see
Equation 3.8). For the case of Figure 3.3b, both v and vg change simultaneously
when the distance from the shock front x is larger than 1000 km. We derive an
analytical equation of the chondrule-to-gas relative velocity, v − vg, in Section
3.3.5.

Figure 3.4 is the temperature of chondrules T and the gas temperature Tg.
The gray vertical line represents the recondensation line of evaporated fine
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Figure 3.3: The velocity of chondrules with respect to the shock front v and the gas
velocity vg. (a) For the case of the small-scale shock wave (L = 100 km). (b) For the
case of the large-scale shock wave (L = 10000 km). The solid curves represent the
velocity of chondrules with radii of r = 1 mm (black), r = 0.5 mm (green), and r =
0.25 mm (magenta), and the gray dashed curve is the gas velocity. The gray vertical line
represents the recondensation line of evaporated fine dust grains.
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Figure 3.4: The temperature of chondrules T and the gas temperature Tg. (a) For the
case of the small-scale shock wave (L = 100 km). (b) For the case of the large-scale
shock wave (L = 10000 km). The solid curves represent the temperature of chondrules
with radii of r = 1 mm (black), r = 0.5 mm (green), and r = 0.25 mm (magenta),
and the gray dashed curve is the gas temperature. The gray vertical line represents the
recondensation line of evaporated fine dust grains.
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dust grains (i.e., the location where the gas temperature is Tg = Tc). In this
study, we set the condensation temperature to Tc = 1600 K.

The liquidus temperature of chondrules is in the range of 1600–2100 K (e.g.,
Cohen et al., 2000), and the solidus temperature is approximately 1400 K (e.g.,
Sanders and Scott, 2012), although these temperatures depend on the compo-
sition of chondrules and the ambient pressure. When the peak temperature of
a chondrule is higher than the solidus temperature but lower than the liquidus
temperature, the chondrule turns into a partially molten droplet. In contrast,
when the peak temperature is higher than the liquidus temperature, the chon-
drule becomes a completely molten droplet. For the case of small-scale shock
waves (Figure 3.4a), most of the small chondrules with radii of r < 0.25 mm
turn into completely molten precursors, while almost all large chondrules with
radii of r > 0.5 mm become partially molten droplets.

Several experimental studies have revealed that completely molten precur-
sors turn into supercooled droplets and finally become glassy chondrules un-
less they collide with other particles (e.g., Nagashima et al., 2008). However,
the observations of chondrules in a thin section revealed that glassy chondrules
are extremely rare (e.g., Krot and Rubin, 1994). This fact indicates that the re-
condensation of evaporated fine dust grains must occur before the temperature
of supercooled precursors drops below the glass transition temperature Tglass.
The glass transition temperature is dependent on the chemical composition,
but it may be approximately Tglass ∼ 900–1000 K (e.g., Villeneuve et al., 2015).
Figure 3.4a shows that the recondensation of evaporated fine dust grains oc-
curs before the temperature of supercooled precursors drops below the glass
transition point; therefore, they can turn into crystallized chondrules without
a glass transition.

The heating/cooling history of chondrules in the large-scale shock wave
is shown in Figure 3.4b. As in Figure 3.4a, recondensation of evaporated fine
dust grains occurs before the temperature of supercooled precursors drops be-
low the glass transition temperature, and these supercooled precursors can
avoid turning into glassy chondrules. The peak temperature of chondrules
only slightly depends on their radii for the case of large-scale shock waves,
and they can maintain the supercooling state for a long time.

3.3.2 Equilibrium temperature of chondrules

After the chondrule-to-gas relative velocity reaches zero (i.e., s → 0), the tem-
perature of chondrules in high-temperature gas can be calculated from the bal-
ance of the heating via collisions of high-temperature gas molecules and the
radiative cooling of chondrules. The heating term is given by

Γ =
1

8
√

π

γ + 1
γ − 1

ρgc3
s

(
1 − T

Tg

)
≡ Γg

(
1 − T

Tg

)
, (3.43)

and the cooling term is

Λ = εσSB

(
T4 − T4

0

)
= Λg

[(
T
Tg

)4
−
(

T0

Tg

)4
]

, (3.44)
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where Λg ≡ εσSBT4
g . Then, we obtain the equilibrium value of T by solving the

equation, Γ − Λ = 0, and we can rewrite this equation as follows:

(T/Tg)
4 − (T0/Tg)

4

1 − T/Tg
=

Γg

Λg
. (3.45)

We find that there are two limiting cases; one case is that T/Tg → 1 and
Γg/Λg → ∞, and the other case is that T/Tg → T0/Tg and Γg/Λg → 0. The
dimensionless parameter Γg/Λg is given by

Γg

Λg
= 0.696

(
ρg

2 × 10−8 g cm−3

)(
Tg

2000 K

)−5/2
. (3.46)

Then, we can calculate the equilibrium temperature of chondrules in high-
temperature gas as a function of the gas density and the gas temperature, ρg
and Tg. Figure 3.5 shows that completely molten droplets turn into super-
cooled droplets with a temperature of 900 K < T < 1400 K when the gas
density in the post-shock region is on the order of ρg ∼ 10−8 g cm−3, where
Tglass � 900 K is the glass transition temperature and T � 1400 K is the con-
dition for surviving high-speed collisions (Section 3.2.5). Therefore, the pre-
ferred value of the gas density in the pre-shock region, ρg,0, is on the order of
10−9–10−8 g cm−3 because the gas density increases after the passage of the
shock front. We note, however, that the lower limit of ρg to maintain the su-
percooling of chondrule precursors is also dependent on the background tem-
perature (in this study, we simply assume that the background temperature
is the same as the pre-shock gas temperature, T0 = 500 K). In addition, the
effective background temperature may be affected by the optical depth of the
chondrule-forming region when the optical depth is close to unity. We will
study the three-dimensional (or axisymmetric two-dimensional) radiative hy-
drodynamics of planetary bow shocks in the future.

3.3.3 Collision frequency

In Section 3.3.1, we calculated the velocity evolution of chondrules in the post-
shock region. The velocity depends on the radius of chondrules, and collision
of chondrules occurs towing to the difference in the velocity. Then, we can
calculate the collision frequency of chondrules.

Figure 3.6 shows the collision frequency of a target chondrule with any pro-
jectiles, Zt, and Figure 3.7 shows the expected number of collisions for each
target chondrule after passing the shock front, Σt. Here, we assumed that the
chondrule mass density in the pre-shock region is ρc,0 = 6 × 10−12 g cm−3.
The chondrule-to-gas mass ratio in the pre-shock region is therefore ρc,0/ρg,0 =

2 × 10−3, and this value is approximately half of the well-assumed silicate-to-
gas mass ratio (= 4.3 × 10−3; Miyake and Nakagawa, 1993). We can imag-
ine that part of the silicate dust may exist as fine dust grains and others ex-
ist as chondrules and/or large dust aggregates. Therefore, our estimate of
ρc,0/ρg,0 = 2 × 10−3 is reasonable to some extent.

As shown in Figures 3.6 and 3.7, the collision of chondrules occurs in two
stages; the first stage corresponds to where the velocity of chondrules ap-
proaches the gas velocity and larger chondrules have larger values of v, and
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Figure 3.5: The temperature of chondrule precursors T as a function of the gas density
and the gas temperature, ρg and Tg, under the assumption of v − vg = 0. The tempera-
ture of chondrule precursors is calculated from Equation (3.45) and we set T0 = 500 K.

the second stage corresponds to where the velocity of chondrules recover to
the pre-shock velocity and smaller chondrules have larger values of v. The
frequency of collision depends on the spatial scale L if L is comparable to or
smaller than the stopping length of chondrules, i.e., L � lstop. This fact has
been previously mentioned by Jacquet and Thompson (2014), and Zt and Σt
are small for small-scale shock waves compared with the case of large-scale
shock waves.

The expected number of collisions for submillimeter-sized chondrules is
lower than unity when we assume ρc,0/ρg,0 = 2 × 10−3; therefore, most of
the chondrule precursors that are heated above their liquidus temperature
turn into supercooled droplets and can keep their supercooling state until
the recondensation of fine dust grains occurs (see Figure 3.7). Conversely,
millimeter-sized large chondrules collide frequently, and for the case of large-
scale shock waves, most of the millimeter-sized chondrules experience colli-
sion when ρc,0/ρg,0 � 2 × 10−3. After a collision, the supercooled droplet
turns into a crystallized chondrule when the collision velocity is below vmerge,
and some of these chondrules have experienced multiple collisions; this is the
mechanism of compound chondrule formation (see Figure 2 of Arakawa and
Nakamoto, 2016a). We note that the number of collisions Σt is proportional to
ρc,0/ρg,0; then, Σt for submillimeter-sized chondrules could also exceed unity
when ρc,0/ρg,0 � 10−2.

Figure 3.8 shows the collision frequency of a target chondrule whose size
is rt = 0.25 mm with projectile chondrules whose size is rp. The peak of the
collision frequency distribution is located between rp = 0.5 mm and 1 mm for
the whole region. This is due to the balance of the impact velocity, the colli-
sional cross section, and the number density of chondrules; large chondrules
have large velocities and large cross sections but small number densities. As
shown in Figure 3.7, large chondrules tend to crystallize earlier, and small ones
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Figure 3.6: The collision frequency of a target chondrule with any projectile, Zt. (a) For
the case of the small-scale shock wave (L = 100 km). (b) For the case of the large-scale
shock wave (L = 10000 km). The solid curves represent Zt of chondrules with radii of
r = 1 mm (black), r = 0.5 mm (green), and r = 0.25 mm (magenta). The gray vertical
line represents the recondensation line of evaporated fine dust grains. We assumed that
the chondrule mass density in the pre-shock region is ρc,0 = 6 × 10−12 g cm−3.
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Figure 3.7: The expected number of collisions for each target chondrule after passing
the shock front, Σt. (a) For the case of the small-scale shock wave (L = 100 km). (b) For
the case of the large-scale shock wave (L = 10000 km). The solid curves represent Σt
of chondrules with radii of r = 1 mm (black), r = 0.5 mm (green), and r = 0.25 mm
(magenta). The gray vertical line represents the recondensation line of evaporated fine
dust grains.
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Figure 3.8: The collision frequency of a target chondrule whose size is rt = 0.25 mm
with projectile chondrules whose size is rp at (a) x = 100 km, (b) x = 300 km, (c)
x = 900 km, (d) x = 5000 km, (e) x = 10000 km, and (f) x = 20000 km, respectively. The
presented results are for the case of the large-scale shock wave (L = 10000 km).

tend to be secondaries. In addition, the peak of the size-frequency distribution
is located around r ∼ 0.25 mm. Therefore, the radius of secondaries rsec may
be distributed around rsec ∼ 0.25 mm, and the typical radius of primaries rpri
may be rpri ∼ 0.5–1 mm.

The secondary-to-primary size ratio, Δsp ≡ rsec/rpri, has been measured
in thin sections by a few studies (e.g., Wasson et al., 1995), and the mean
value of Δsp for compound chondrules in ordinary chondrites is ∼ 0.3. This
value seems to be consistent with the calculated collision frequency distribu-
tion shown in Figure 3.8 (see also Figure 3.9); although the observation in the
thin section is somewhat biased and the real value of Δsp may be somewhat
larger than 0.3 (see Ciesla et al., 2004b).
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3.3.4 Collisions of supercooled droplets

In our calculation, we obtain the temperature and the velocity of chondrules
simultaneously. Therefore, we can compare the impact velocity of chondrules
with different radius vimp and the critical velocity for collisional merging vmerge
and sticking vstick, which are dependent on the temperature of chondrules.
Hereafter, we focus on the case of the large-scale shock wave (L = 10000 km).

Figure 3.9 shows the critical velocity for collisional merging vmerge, sticking
vstick, and the impact velocity vimp for target chondrules with rt = 1 mm. From
Figure 3.4a, the temperature of chondrules with rt = 1 mm rapidly decreases
before the distance from the shock front reaches x � 300 km. The critical veloc-
ities vmerge and vstick are strongly dependent on the temperature of the target
and projectile chondrules (see Figure 3.2). Therefore, both vmerge and vstick sig-
nificantly increase before the distance from the shock front reaches x � 300 km.
In addition, the impact velocity vimp falls below 1 km s−1 for x � 200–300 km;
then, vmerge and vstick overcome vimp.

As a conclusion, compound chondrules with a primary radius of ∼ 1 mm
would be formed via collisions of supercooled droplets in the post-shock re-
gion where the distance from the shock front exceeds x � 300 km, although
the suitable location for compound chondrule formation must depend on the
detailed characteristics of the specific chondrule-forming shock waves.
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The lower panels of Figure 3.9 show the ζt,p(∅t,∅p, x) of supercooled chon-
drules with a target radius of rt = 1 mm, i.e., ∅t = −1. The size-frequency
distribution of projectiles is a maximum at rp ∼ 0.25–0.5 mm. As shown in Fig-
ure 3.7, the expected number of collisions Σt is lower for smaller chondrules.
Then, the probability that the small projectile chondrule is supercooled while
the large target chondrule is already crystallized is higher than the probability
that the small projectile chondrule is crystallized while the large target chon-
drule is still in the supercooled state. Therefore, compound chondrules whose
secondary-to-primary size ratio is Δsp ∼ 0.3 may be formed via a collision
between crystallized and supercooled chondrules in the post-shock region, as
already mentioned (see Figure 3.8).

Here, we note that some of the collisions must cause the splashing of su-
percooled droplets when they collide with high speed and/or high tempera-
ture, although the fraction of disruption is lower than unity when we assume
ρc,0/ρg,0 ∼ 2 × 10−3. Jacquet and Thompson (2014) noted that chondrules can
also be destroyed by continuous erosion through the collisions of fragments
produced by other catastrophic collision events. In this study, we do not take
into consideration this “sandblasting” effect, however. Whether the collisions
of fragments would be critical or not is dependent on the size distribution of
fragments, and future studies on this point are needed.

3.3.5 Survivability of crystallized chondrules

The evaporated fine dust grains would recondense when the gas temper-
ature decreases below the dust condensation temperature Tc (we assumed
Tc = 1600 K in this study). The location of the dust condensation line xc
is therefore xc ∼ 0.3L when we assume the gas temperature is determined
by Equation (3.3). After the recondensation of fine dust grains, supercooled
droplets are crystallized by the accretion of condensates onto chondrule pre-
cursors (e.g., Nagashima et al., 2006, 2008).

Here, we investigate whether crystallized chondrules can avoid catas-
trophic disruption after their crystallization. We compare vimp and vdisrupt;
then, the survivability of crystallized chondrules is evaluated. The upper pan-
els of Figure 3.10 show the critical velocity for catastrophic disruption vdisrupt
and the impact velocity vimp for target chondrules with rt = 1 mm, and the
lower panels show the ζt,p(∅t,∅p, x) of supercooled chondrules with a target
radius of rt = 1 mm.
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Without performing numerical simulations, we can roughly evaluate the
impact velocity of chondrules by simple analytical calculations. The impact
velocity of large and small chondrules is approximately given by the relative
velocity of the large chondrule from the gas. The velocity of chondrules with
respect to the shock front is given by the following time differential equation:

dv
dt

= −3
4

CD

2
ρg

ρ

∣∣v − vg
∣∣(v − vg

)
r

� −3cs
ρg

ρ

(
v − vg

)
r

, (3.47)

where t is the time and we assume CD ∼ 8/s. For the case of large-scale
shock waves, the relative velocity of the chondrule from the gas is signifi-
cantly smaller than the gas velocity, i.e.,

∣∣v − vg
∣∣ � vg. Then, the differential

of
∣∣v − vg

∣∣ is also negligible, i.e.,
∣∣d(v − vg

)
/dt

∣∣ � ∣∣dvg/dt
∣∣. This means that

the differential of the velocity of chondrules is approximately given by the gas
velocity and the spatial scale of the shock wave as follows:

∣∣∣∣dv
dt

∣∣∣∣ �
∣∣∣∣dvg

dt

∣∣∣∣ ∼
(
v0 − vpost

)2

L
. (3.48)

Therefore, from the combination of Equations (3.47) and (3.48), the relative ve-
locity of the chondrule from the gas can be evaluated as follows:

∣∣v − vg
∣∣ � 1

3
ρ

ρg

r
L

(
v0 − vpost

)2

cs

∼ 3 × 102
(

ρg

10−8 g cm−3

)−1( L
104 km

)−1

·
( r

1 mm

)
m s−1. (3.49)

Our numerical simulations also confirmed that the typical impact velocity of
chondrules of 1 mm in radius is approximately 300 m s−1, and disruptive col-
lisions are minor among all collisions (see Figure 3.10) when the spatial scale is
L � 10000 km. The expected fraction for catastrophic disruption is, therefore,
lower than unity for chondrules whose radius is less than 1 mm in this case.
We note that, when the spatial scale is smaller than 100 km (i.e., L � lstop),
the expected number of collisions itself is far lower than unity, and neither do
we need to consider the catastrophic disruption of chondrules, although it de-
pends on the chondrule-to-gas mass ratio.

The impact velocity is inversely proportional to the spatial scale of the
shock L, and the necessary condition for chondrule survival may be L �
10000 km. When the shock waves are caused by eccentric planetary bodies,
the spatial scale of the shock wave L is approximately a few to ten times larger
than the planetary radius Rp (e.g., Morris et al., 2012; Boley et al., 2013), al-
though L/Rp depends on the opacity, the shock velocity, and so on. Therefore,
planetary bow shocks caused by 1000 km-sized protoplanets may be potent
candidates for the chondrule formation mechanism from the point of view of
chondrule survivability.
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3.4 Discussion

3.4.1 Chondrule-to-gas mass ratio

It is usually assumed that the silicate-to-gas mass ratio is approximately
4.3 × 10−3 (Miyake and Nakagawa, 1993), and part of the silicate dust can ex-
ist as fine dust grains, while others formed chondrules and/or much larger
dust aggregates. Therefore, we assume that the chondrule-to-gas mass ratio in
the pre-shock region is 2 × 10−3. However, when chondrules sediment at the
midplane of the solar nebula, the chondrule-to-gas mass ratio at the midplane
ρc/ρg becomes significantly higher than the chondrule-to-gas surface density
ratio χ. Here, we evaluate whether the sedimentation of chondrules would
occur.

When the radius of a chondrule is smaller than the mean-free path of gas
molecules, i.e., the gas drag force on the chondrule is determined by Epstein’s
law, the dimensionless stopping time called the Stokes number St is given by

St =

√
π

8
ρrΩK

ρgcs

∼ 7 × 10−5
( r

1 mm

) ( ρg

3 × 10−9 g cm−3

)−1

·
(

T0

500 K

)−1/2 ( R
1 au

)−3/2
, (3.50)

where ΩK is the Kepler frequency and R is the distance from the sun (Wei-
denschilling, 1977). The gas scale height hg is given by hg = cs/ΩK, and the
chondrule scale height hc is given by (Youdin and Lithwick, 2007):

hc

hg
=

(
1 +

St
αt

1 + 2St
1 + St

)−1/2
, (3.51)

where αt is a dimensionless turbulent parameter. Then, the chondrule-to-gas
mass ratio at the midplane is given by ρc/ρg =

(
hc/hg

)−1
χ.

The value of the dimensionless parameter αt for our solar nebula is unclear;
however, some protoplanetary disks (e.g., the disk around HL Tau) have a tur-
bulent viscosity that is equivalent to αt in the range of 10−4 to 10−3 (e.g., Pinte
et al., 2016; Okuzumi et al., 2016) in the outer regions. Conversely, the dimen-
sionless parameter αt for the inner region of the disk has not yet been revealed
by astronomical observations. Theoretical studies suggest that αt is up to 10−3

or higher when the magneto-rotational instability is active, while αt may be
on the order of 10−4 if the magneto-rotational instability is inactive (e.g., Bal-
bus and Hawley, 1991). Therefore, the scale heights of gas and chondrules, hg
and hc, should be almost the same when the gas density at the midplane is
ρg ∼ 3× 10−9 g cm−3. In this case, ρc/ρg is approximately given by ρc/ρg � χ
and we do not need to consider the enrichment of chondrules at the disk mid-
plane.

3.4.2 Location of the chondrule-forming region

We give a constraint on the location of the chondrule formation from the point
of view of the gravitational stability of the solar nebula. The stability of the
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disk is measured by Toomre’s Q value, defined by (Toomre, 1964),

Q =
csΩK

πG ·
(√

2πhgρg

)

� 25
(

R
1 au

)−3 ( ρg

3 × 10−9 g cm−3

)
, (3.52)

and the gas disk becomes unstable when Q � 2 and the above equation gives
the upper limit of the gas density.

As shown in Figure 3.5, the favored gas density to keep molten chondrules
in the supercooled state is ρg ∼ 10−8 g cm−3 in the post-shock region. This
value corresponds to ρg,0 ∼ 10−9–10−8 g cm−3 in the pre-shock region. Then,
the location of the chondrule-forming region may be within a few astronomi-
cal units from the sun if chondrules are formed by optically thin shock waves.
This region overlaps with the location of the inner part of the asteroid belt,
which is mostly dominated by S-type asteroids (e.g., DeMeo and Carry, 2014),
and this coincidence may indicate that chondrules in ordinary chondrites are
formed via shock-wave heating in the inner solar nebula because S-type aster-
oids are the parent bodies of ordinary chondrites (Nakamura et al., 2011), while
chondrules in carbonaceous chondrites may be linked to different events and
locations.

3.4.3 Volatile retention

Chondrules contain volatile elements such as sodium, potassium, and sul-
fur in their interiors. This implies that chondrules are formed by flash-
heating/rapid-cooling events (e.g., Tachibana and Huss, 2005; Rubin, 2010;
Wasson, 2012) or the ambient environments where chondrules melted under a
high partial pressure of lithophile elements (e.g., Alexander et al., 2008; Fed-
kin and Grossman, 2013). The latter hypothesis, called “dust enrichment”,
originates from the assumption that porphyritic chondrules, which are the
main type among all chondrules, may be formed with a low cooling rate
(∼ 10−3–1 K s−1; Desch et al., 2012, and references therein). This assump-
tion originates from the results of classical furnace-based crystallization experi-
ments (e.g., Radomsky and Hewins, 1990); however, several estimations based
on some chondrule features, such as overgrowth thicknesses on relict grains
(e.g., Wasson and Rubin, 2003) and rim formation for barred olivine chondrules
(Miura et al., 2010b), give much higher cooling rates (∼ 200–2000 K s−1; Miura
and Yamamoto, 2014). Moreover, porphyritic textures may be reproduced by
multiple melting processes (e.g., Rubin, 2010) and they can also be formed via
supercooled precursors (e.g., Srivastava et al., 2010; Seto et al., 2017). There-
fore, dust enrichment is not necessarily needed for volatile retainment when
the heating/cooling rates around their liquidus temperature are high enough.

In addition, chondrules in different chondrite groups have different aver-
age sizes (e.g., Scott, 2007), and chondrite groups with large average chondrule
sizes (e.g., CV chondrites) tend to have less bulk sodium than groups with
small average chondrule sizes (Wasson and Kallemeyn, 1988) and low propor-
tions of nonporphyritic chondrules (Rubin, 2010). These features can be inter-
preted as a result of multiple flash-melting events (e.g., Rubin, 2010), and the
constraint on the cooling rate can be mitigated.
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3.4.4 Metal grains

Recently, Libourel and Portail (2018) found a notable absence of metal grains
in barred olivine chondrules. The absence of metal grains in completely
molten chondrule precursors was theoretically predicted by Uesugi et al. (2005,
2008). In addition, the unique occurrence of metal grains in the core region
of magnesium-rich olivine crystals of porphyritic chondrules suggests that the
metal grains act as seeding agents during the crystal growth of the olivine crys-
tals in porphyritic chondrules (Libourel and Portail, 2018), and the difference
in the textures of porphyritic or barred olivine chondrules is linked to the pres-
ence/absence of iron-nickel metal grains.

After the ejection of metal grains from molten chondrule precursors, metal
grains may collide and merge with other metal grains. Okabayashi et al. (2019)
measured the abundances of highly siderophile elements on metal grains from
type 3 ordinary chondrites and found that larger metal grains have relatively
homogeneous abundances of highly siderophile elements that are close to the
bulk metal composition. This observed trend is consistent with the idea that
some of the metal grains collided and merged with other metal grains (Ok-
abayashi et al., 2019). For iron and nickel, Leliwa-Kopystynski et al. (1984) per-
formed collision experiments by using 8 mm-sized projectiles. The threshold
velocity for collisional sticking/bouncing is ∼ 500 m s−1 when the tempera-
ture is 290 K, and the estimated threshold velocity at 1800 K is approximately
300 m s−1. Therefore, collisional sticking of ejected metal grains could occur in
the post-shock region.

3.4.5 Early formation of Jupiter

If chondrules are formed by bow shocks caused by eccentric planetary bodies,
the existence of both Jupiter and the nebular gas in the chondrule-forming era
is a necessary condition. Although the onset of chondrule formation is still
debated (e.g., Kita and Ushikubo, 2012; Bollard et al., 2017; Pape et al., 2019),
both lead-lead ages and aluminum-magnesium ages show that the onset of
chondrule formation is approximately 2 million years after the formation of
calcium-aluminum-rich inclusions, or much earlier. Therefore, Jupiter must be
formed within 2 million years in the solar nebula. We note that the early forma-
tion of proto-Jupiter is also favored in the context of the chemical dichotomy
between carbonaceous and non-carbonaceous meteorite groups (e.g., Kruijer
et al., 2017) and the preservation of calcium-aluminum-rich inclusions in the
carbonaceous chondrite formation region (Desch et al., 2018).

3.4.6 Accretion of chondrules

There are many studies of the accretion process of chondrules, and some of
these studies focus on the effect of fine dust grains accreted onto chondrules.
It is known that some of the chondrules in ordinary and carbonaceous chon-
drites are rimmed by fine dust grains (∼ 15% for chondrules in Allende CV3
chondrite, Simon et al., 2018). Theoretical studies have also revealed that free-
floating chondrules in a protoplanetary disk can obtain porous dust layers (e.g.,
Xiang et al., 2019), which help dust-rimmed chondrules stick together when
they collide (Beitz et al., 2012; Gunkelmann et al., 2017).
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Evaporation and recondensation by shock-wave heating events change
the size-frequency distribution of fine dust grains (e.g., Miura et al., 2010a).
When the cooling rate of evaporated dust is large, the condensates could be
nanograins, which would be beneficial for the direct aggregation of silicate
dust aggregates (Arakawa and Nakamoto, 2016b). However, when fluffy ag-
gregates constituted by chondrules and fine dust grains collide at large veloci-
ties, the chondrules in fluffy matrices may be ejected to the solar nebula again
(Arakawa, 2017). Then, the growth of dust-rimmed chondrules may be im-
peded when they reach a few centimeters in radius.

Meanwhile, these centimeter-sized aggregates have the potential to turn
into planetesimals via the streaming instability driven by differences in the
motions of the gas and dust particles in the disk (Carrera et al., 2015; Yang et al.,
2017). In addition, the typical radius of planetesimals formed via the streaming
instability is ∼ 102 km (Simon et al., 2016), which is roughly consistent with
the estimated radius of the ordinary chondrite parent bodies (e.g., Henke et al.,
2012a,b).

The other idea is that chondrules accrete onto planetesimals that already
exist in the gaseous solar nebula (e.g., Hasegawa et al., 2016; Matsumoto et al.,
2017). Matsumoto et al. (2017) calculated the chondrule accretion onto a pro-
toplanet and planetesimals in the oligarchic growth stage (e.g., Kokubo and
Ida, 1998) and found that approximately half of the chondrules accrete onto
the protoplanet, while the other half accrete onto planetesimals with an accre-
tion timescale of ∼ 106 years. In this case, some of the chondrules should have
stayed in the solar nebula for a few million years; this timescale is consistent
with the fact that some of the chondrules have experienced multiple melting
events with the time interval of ∼ 106 years (e.g., Akaki et al., 2007).

Planetary bodies with moderate eccentricities (ep ∼ 10−2–10−1) accrete
chondrule-sized particles more efficiently than planetary bodies in circular or-
bits; however, the accretion efficiency drops drastically when the eccentricity
becomes far larger than 10−1 (Liu and Ormel, 2018). Therefore, it may be diffi-
cult to grow eccentric planetesimals/protoplanets into terrestrial planets when
they have a large eccentricity. The excitation of eccentricity increases the gas
drag; then, the eccentricity and semimajor axis are quickly damped around
1 au (Nagasawa et al., 2014, 2019), although the location is dependent on the
physical properties of the disk. The migration of planetesimals may cause the
concentration of circular planetesimals around R ∼ 1 au. This concentration
of planetesimals could have the potential to explain why two large terrestrial
planets, Venus and Earth, formed at approximately 1 au (e.g., Hansen, 2009;
Walsh and Levison, 2016).

3.5 Conclusion

We explored the possibility that compound chondrules are formed via the col-
lisions of supercooled precursors in shock waves. The shock-wave heating
model is one of the prime candidates to explain the origin of chondrules. How-
ever, there is one challenge to this model: chondrule precursors of different
sizes must have different velocities in the post-shock region and they should
collide with high speed (approximately a few km s−1), which may lead to their
destruction upon collision rather than compound chondrule formation if they
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were completely molten.
As it is, Arakawa and Nakamoto (2016a) revealed that compound chon-

drules may be formed via collisions of supercooled precursors. Supercooling
is the state where liquids do not solidify even below their solidus temperature.
Supercooled chondrule precursors have large viscosity, and their critical veloc-
ity for collisional sticking is higher than that of completely molten precursors.
Therefore, the destruction of chondrules could be avoided when we consider
the supercooling of chondrule precursors.

We calculated the velocity and the temperature of chondrule precursors in
optically thin shock waves. We found that, in optically thin shock waves, chon-
drule precursors can maintain their supercooling until the fine dust grains con-
dense and supercooled precursors crystallize via accretion of fine dust grains.
As a first step toward more comprehensive modeling, we considered one-
dimensional normal shocks and we assumed a simple gas structure; subse-
quently, the dynamics of chondrules was simulated in the given gas flow.

Our key findings are summarized as follows.

1. Because supercooled chondrule precursors have a large viscosity, the crit-
ical velocity for collisional sticking/merging could be as large as 1 km s−1

when the temperature of supercooled droplets is below 1400–1500 K (Fig-
ure 3.2).

2. Behind the shock front of the shock wave, recondensation of evaporated
fine dust grains occurs before the temperature of supercooled precursors
drops below the glass transition temperature, and these supercooled pre-
cursors can avoid turning into glassy chondrules (Figure 3.4).

3. The expected number of collisions for submillimeter-sized chondrules is
lower than unity when we assume ρc,0/ρg,0 = 2 × 10−3; therefore, most
of the chondrule precursors that are heated above their liquidus temper-
ature turn into supercooled droplets and can maintain their supercool-
ing state until the recondensation of fine dust grains occurs. Conversely,
millimeter-sized large chondrules collide frequently, and for the case of
large-scale shock waves with L 
 lstop, most of the millimeter-sized
chondrules have experienced collision when ρc,0/ρg,0 � 2 × 10−3 (Fig-
ure 3.7).

4. With respect to the survivability of crystallized chondrules, shock waves
with a spatial scale of L � 104 km may be desirable because the impact
velocity of chondrules is inversely proportional to the spatial scale of the
shock wave (Section 3.3.5).
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Appendix

3.A Droplet–droplet collision experiments

The dynamics of droplet–droplet collisions has been studied for a long time
because of its complexity as a fluid dynamics phenomenon. In particular, un-
derstanding the effect of viscosity and surface energy on binary droplet colli-
sions is of great importance for understanding the outcomes of binary equal-
sized droplet collision. The dynamics of binary equal-sized droplet collision
has been investigated by numerous experimental and numerical studies (e.g.,
Ashgriz and Poo, 1990; Finotello et al., 2017). Sommerfeld and Kuschel (2016)
proposed the criteria for collisional sticking as follows:

Wecr = 111.66Ca + 13.89. (3.53)

In Figure 3.11, we checked the validity of the formula given by Sommerfeld
and Kuschel (2016) by using the experimental data reported by Ashgriz and
Poo (1990), Willis and Orme (2003), and Finotello et al. (2018).
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Figure 3.11: Experimental data of head-on collisions for equal-sized droplets (Ashgriz
and Poo, 1990; Willis and Orme, 2003; Finotello et al., 2018) and the proposed equation
of the critical Weber number (Sommerfeld and Kuschel, 2016). In these experiments,
the Ohnesorge number Oh is given and the range of the critical Weber number Wecr is
reported. Then, we can evaluate the capillary number Ca from Ca = Oh

√
Wecr.

Several previous studies (e.g., Qian and Law, 1997; Gotaas et al., 2007) have
proposed utilizing the dependence of Wecr on the Ohnesorge number Oh. The
Ohnesorge number Oh is given by

Oh ≡ η√
2ρσr

≡ Ca√
We

. (3.54)

Gotaas et al. (2007) proposed a relationship between Wecr and Oh as follows:

Wecr =

{
14.8 + 643.1Oh (Oh < 0.04),
9309Oh1.7056 (Oh ≥ 0.04).

(3.55)
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We can rewrite the latter part of Equation (3.55) by using Ca instead of Oh:

Wecr = 138.7Ca0.9206. (3.56)

The coefficient and the exponent in Equation (3.56) are quite close to the co-
efficient and the exponent in the first term of Equation (3.53). In addition,
both Equations (3.53) and (3.55) asymptote to Wecr � 14 for the inviscid limit
(Ca → 0 and Oh → 0). These facts support the validity of the criteria for
collisional sticking proposed by Sommerfeld and Kuschel (2016).

Recently, Li et al. (2016) investigated the collisions of two droplets with
different viscosities, and they revealed that penetration and encapsulation are
the typical outcomes for droplet collisions with a high relative viscosity ra-
tio. These collision outcomes may have the potential to form enveloping com-
pound chondrules. Our numerical results also suggest that collision of chon-
drule precursors frequently occurs with two precursors with different temper-
ature, i.e., different viscosities (see Figure 3.4).

Compared with equal-size droplet collisions, unequal-size droplet colli-
sions are more relevant to the practical situation of compound chondrule for-
mation. For the case of collision with low-viscosity droplets, Ashgriz and Poo
(1990) and Tang et al. (2012) found that the critical impact velocity significantly
increases as the size ratio Δ ≡ rsmall/rlarge decreases, where rsmall and rlarge
are the radii of smaller and larger droplets, respectively. This size-ratio depen-
dence of the critical Weber number may be due to the decrease in the relative
kinetic energy determined by the total mass, and a theoretical model that is
based on energy balance generally reproduces the experimental trend (Tang
et al., 2012). Although we expect that this trend is also shown for collisions
between highly viscous droplets, we have no reliable experimental data yet.
Future studies on this topic are therefore essential.

3.B Droplet–solid collision experiments

The outcome of a droplet impact on a solid surface also depends on the phys-
ical properties of the liquid, and there have been several studies on the stick-
ing/splashing criteria of a droplet–solid collision (e.g., Walzel, 1980; Mundo
et al., 1995; Josserand and Thoroddsen, 2016). Considering the equations of en-
ergy conservation, Mundo et al. (1995) analytically derived the criteria for col-
lisional sticking/splashing as follows (see also Chandra and Avedisian, 1991):

Wecr =
9
2

β4Ca + 3(1 − cos Θ)β2 − 12, (3.57)

where β is the maximum spreading diameter of the droplet scaled with the
initial diameter and Θ is the contact angle. Chandra and Avedisian (1991) re-
vealed that the maximum spreading diameter is β � 2–3, and this relation
matches the experimentally obtained correlation between Wecr and Ca (Mundo
et al., 1995). This equation is a special case of Equation (3.31), implying that
the energy dissipation mechanism in droplet–solid collisions may be similar to
that of a droplet–droplet collision. In addition, the equivalent critical Reynolds
number is Recr,v = (9/2)β4 ∼ 102, which is similar to the critical Reynolds
number for droplet–droplet collisions.
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We acknowledge, however, that the physics of droplet–solid collisions is
still not well-understood. Therefore, we roughly evaluate the sticking/splash-
ing criteria of droplet–solid collision by using Equation (3.35) instead of Equa-
tion (3.57), and our estimate is no more than an order estimation. We will study
droplet–solid collisions by using hydrodynamics simulations in the future.
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Abstract

Context. The thermal conductivity of highly porous dust aggregates is a key
parameter for many subjects in planetary science; however, it is not yet fully
understood.
Aims. In this study, we investigate the thermal conductivity of fluffy dust ag-
gregates with filling factors of less than 10−1.
Methods. We determine the temperature structure and heat flux of the porous
dust aggregates calculated by N-body simulations of static compression in the
periodic boundary condition.
Results. We derive an empirical formula for the thermal conductivity through
the solid network ksol as a function of the filling factor of dust aggregates φ.
The results reveal that ksol is approximately proportional to φ2, and the thermal
conductivity through the solid network is significantly lower than previously
assumed. In light of these findings, we must reconsider the thermal histories
of small planetary bodies.

4.1 Introduction

Understanding the physical parameters of dust aggregates is important in
planetary science. Specifically, the thermal conductivity of dust aggregates is
key for determining the thermal evolution of planetary bodies, influencing the
thermal evolution pathways of both rocky and icy planetesimals (e.g., Henke
et al., 2012a; Sirono, 2017). The thermal evolution and activity of cometary nu-
clei also depend on the thermal conductivity of icy aggregates (e.g., Haruyama
et al., 1993; Guilbert-Lepoutre and Jewitt, 2011).
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Dust aggregate thermal conductivity depends on many parameters, and
many previous experimental studies have researched the thermal conductivity
of dust aggregates with filling factors above 10−1. The thermal conductivity of
porous aggregates in vacuum is given by two terms: the thermal conductivity
through the solid network ksol and the thermal conductivity owing to radia-
tive transfer krad. Krause et al. (2011) showed that the thermal conductivity
through the solid network ksol is exponentially dependent on the filling factor
of dust aggregates φ for 0.15 < φ < 0.54, and concluded that the coordination
number of monomer grains C influences the efficiency of heat flux within the
aggregates. Sakatani et al. (2016) revealed that ksol is also dependent on the
contact radius between monomers rc. The thermal conductivity owing to ra-
diative transfer krad is affected by the temperature of dust aggregates T and the
mean free path of photons lp (e.g., Schotte, 1960; Merrill, 1969). Moreover, lp
depends on R and φ when we apply the geometrical optics approximation for
the evaluation of lp (e.g., Skorov et al., 2011; Gundlach and Blum, 2012).

There are also several theoretical studies on the thermal conductivity of
dust aggregates (e.g., Chan and Tien, 1973; Sirono, 2014; Sakatani et al., 2017).
However, no previous research has been conducted on the thermal conductiv-
ity of porous aggregates with filling factors of less than 10−1, although Kataoka
et al. (2013a) and Arakawa and Nakamoto (2016b) revealed that the collisional
growth of dust aggregates leads to planetesimal formation via highly porous
aggregates with filling factors of much less than 10−1. Therefore, the purpose
of this study is to investigate the thermal conductivity and thermal evolution
of fluffy dust aggregates in protoplanetary disks.

In this letter, we calculate thermal conductivity through the solid network
ksol for highly porous aggregates with filling factors in the range of 10−2 to
10−1. We use the snapshot data of Kataoka et al. (2013b) for calculation of
ksol. We then validate our results through a comparison with the experimental
data of Krause et al. (2011). We also derive the thermal conductivity owing
to radiative transfer krad for porous aggregates of submicron-sized monomers.
Our results show that the thermal conductivity of highly porous aggregates is
significantly lower than previously assumed.

4.2 Method

4.2.1 Arrangement of monomer grains

The arrangement of monomer grains depends on the coagulation history of
the aggregates. During initial dust aggregate coagulation in protoplanetary
disks, both experimental (e.g., Wurm and Blum, 1998) and theoretical (e.g.,
Kempf et al., 1999) studies have shown that hit-and-stick collisions lead to
the formation of fractal aggregates with a fractal dimension D ∼ 2, which is
called ballistic cluster-cluster aggregation (BCCA; Meakin, 1991). Furthermore,
Kataoka et al. (2013b) performed three-dimensional numerical simulations of
static compression of BCCA aggregates constituted from 16384 spherical grains
using a periodic boundary condition. In this study, we use snapshots of the
compressed BCCA aggregates calculated by Kataoka et al. (2013b).
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4.2.2 Temperature structure of the dust aggregate

To calculate the thermal conductivity through the solid network of an aggre-
gate ksol, we have to determine the temperature of each grain in a cubic peri-
odic boundary. We calculate the temperature of each grain using the method
of Sirono (2014). Here, we consider one-dimensional heat flow from the lower
boundary plane to the upper boundary plane. There are three choices regard-
ing the pair of lower and upper planes, and we calculate ksol from three direc-
tions. Then, we average these values for each snapshot.

We define R as the monomer radius and L3 as the volume of each cubic
space. The location of the i-th grain (xi, yi, zi) satisfies |xi| < L/2, |yi| < L/2,
and |zi| < L/2 for i = 1, 2, ..., N, where N = 16384 is the number of grains
in the periodic boundary. A sketch of a dust aggregate in a cubic periodic
boundary is shown in Fig. 4.1. Here, we assume that heat flow occurs along the
z-direction. The grains located in −L/2 < zi < −(L/2 − R) are on the lower
boundary (#1 in Fig. 4.1), and the grains located in +(L/2 − R) < zi < +L/2
are on the upper boundary (#40 in Fig. 4.1). If the i-th grain is located on the
lower (upper) boundary, we add a new grain on the upper (lower) boundary.
The location of the new grain is (xi, yi, zi + L) if the i-th grain is located on the
lower boundary (#X in Fig. 4.1) and (xi, yi, zi − L) if the i-th grain is located on
the upper boundary (#Y in Fig. 4.1). We set the temperature of grains located
on the lower (#1 and #Y in Fig 4.1) and upper (#40 and #X in Fig 4.1) boundary
as T0 + ΔT/2 and T0 − ΔT/2, respectively.

Heat flows through the monomer-monomer contacts, and for steady state
conditions, the equation of heat balance at the ith grain is given by

∑
j

Fi,j = 0, (4.1)

where Fi,j is the heat flow from the jth grain to the ith grain, given by

Fi,j = Hc(Tj − Ti), (4.2)

where Hc is the heat conductance at the contact of two grains, and Ti and Tj
are the temperatures of the ith and jth grains, respectively. We consider the
contacts not only inside the periodic boundary but also on the side boundaries
(e.g., the contacts between #9 and #10 and between #21 and #22 in Fig. 4.1). The
heat conductance at the contact of two grains Hc is (Cooper et al., 1969)

Hc = 2kmatrc, (4.3)

where kmat is the material thermal conductivity and rc is the contact radius of
monomer grains. The contact radius rc depends on the monomer radius R and
the material parameters (Johnson et al., 1971). The heat conductance within a
grain Hg is also given by (Sakatani et al., 2017)

Hg =

(
4π

3

)1/3
kmatR. (4.4)

However, we neglect the effect of Hg because Hg is sufficiently larger than
Hc for (sub)micron-sized grains. Therefore, the temperature structure of the
aggregate in the cubic periodic boundary can be calculated by solving Eq. (4.1)
simultaneously for all N grains except lower and upper boundary grains.
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Figure 4.1: Sketch of a dust aggregate in a cubic periodic boundary. The temperature
of grains located on the lower (#1 and #Y) and upper (#40 and #X) boundary is set to
T0 + ΔT/2 and T0 − ΔT/2, respectively. The temperature of each grain is calculated by
solving Eq. (4.1) simultaneously for each grain.

4.2.3 Thermal conductivity through the solid network

Once the temperature structure is obtained, we can calculate the total heat
flow at the upper boundary ∑upper Fi,j, where we take the sum of contacts be-
tween the upper boundary ith grain and internal jth grain (for the case of Fig.
4.1, ∑upper Fi,j = FX,27 + F40,39). The total heat flow at the upper boundary
∑upper Fi,j can be rewritten using the thermal conductivity through the solid
network ksol as

∑
upper

Fi,j = ksol
ΔT
L

L2. (4.5)

In this study, we discuss ksol as a function of the filling factor φ, and rewrite L
using φ as

L =

(
4πN
3φ

)1/3
R. (4.6)
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Therefore, we obtain ksol as a function of φ as follows:

ksol =
1

LΔT ∑
upper

Fi,j,

= 2kmat
rc

R
·
(

3φ

4πN

)1/3

∑
upper

Tj − Ti

ΔT
,

≡ 2kmat
rc

R
· f (φ), (4.7)

where f (φ) is a dimensionless function of φ. Note that the total heat flow at the
lower boundary −∑lower Fi,j is clearly equal to ∑upper Fi,j considering the heat
balance.

4.3 Results

Here, we present the dimensionless function f (φ) for nine snapshots from
three runs and three densities (Table 4.1). We calculated f (φ) in three direc-
tions for each snapshot and took the arithmetic mean values. Note that the
compressed BCCA aggregates might be isotropic if the number of monomer
grains is sufficiently large; thus, we only discuss the mean values of f (φ).

Table 4.1: Numerical calculation results.

run φ f (φ)
� 1.01 × 10−2 1.44 × 10−4

� 3.02 × 10−2 1.12 × 10−3

� 9.91 × 10−2 1.04 × 10−2

� 1.00 × 10−2 3.86 × 10−5

� 3.00 × 10−2 5.24 × 10−4

� 1.00 × 10−1 6.24 × 10−3

© 9.98 × 10−3 4.14 × 10−5

© 2.99 × 10−2 5.15 × 10−4

© 9.99 × 10−2 9.05 × 10−3

Figure 4.2 shows the dimensionless function f (φ) as a function of the filling
factor φ. The best-fit line given by the least-squares method (green dashed line)
is

f (φ) = 1.18φ2.14. (4.8)

Hereafter, we utilize the following more simple relationship between f (φ) and
φ (magenta solid line)

f (φ) = φ2. (4.9)

Sakatani et al. (2017) predicted that f (φ) = (2/π2)Cφ, where C is the coor-
dination number. For highly porous aggregates, the coordination number C
is approximately two, and the filling factor dependence on C is weak. Hence,
f (φ) would be proportional to φ in the model of Sakatani et al. (2017); however,
in reality, f (φ) is approximately proportional to φ2.

In the context of the thermal conductivity of colloidal nanofluid and
nanocomposites, Evans et al. (2008) revealed that thermal conductivity is
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Figure 4.2: Fitting of the dimensionless function of thermal conductivity f (φ) as a func-
tion of the filling factor φ. The green dashed line is the best-fit line and the magenta
solid line represents the simple function f (φ) = φ2.

strongly affected by the fraction of linear chains that contribute to heat flow in
the aggregates. The contributing grains are called backbone grains, and non-
contributing grains are called dead-end grains (#8, #32, and #33 in Fig. 4.1; Shih
et al., 1990). We will discuss the effects of different fractions of backbone and
dead-end grains on the thermal conductivity in future research.

By comparing our model to the experimental data of Krause et al. (2011),
we can confirm the validity of our model (Fig. 4.3). The magenta line in
Fig. 4.3 represents the calculated thermal conductivity from Eqs. (4.7) and
(4.9), the blue curve is the exponential fitting of experimental data, ksol =

1.4e7.91(φ−1) W m−1 K−1 (Krause et al., 2011), and the black dashed line is a
model commonly used to study the thermal evolution of planetary bodies, that
is, ksol = φkmat (e.g., Sirono, 2017). Both experimental (crosses) and numerical
(squares, triangles, and circles) data are plotted.

When we consider the dust aggregates of (sub)micron-sized monomers, the
contact radius between monomers rc is given by (Johnson et al., 1971)

rc =

(
9πγ(1 − ν2)

2YR

)1/3

R, (4.10)

where γ = 25 mJ m−2, ν = 0.17, and Y = 54 GPa are the surface energy,
Poisson’s ratio, and Young’s modulus of SiO2 grains, respectively (Wada et al.,
2007). We set R = 0.75 μm and kmat = 1.4 W m−1 K−1 to the same values
as Krause et al. (2011). Figure 4.3 clearly shows that our empirical model
is applicable to the ksol of porous aggregates with filling factors of φ ∼ 0.1.
Moreover, our model is applicable not only for φ � 0.1 but also for the range
0.1 � φ � 0.5.

Note that most of the experimental data of ksol are fitted using exponen-
tial functions of φ, which pass the material thermal conductivities (e.g., Krause
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Figure 4.3: Experimental (crosses) and numerical (squares, triangles, and circles) data
of thermal conductivity through the solid network ksol. Our model (magenta line) was
compared to the experimental fitting data of Krause et al. (2011, blue curve).

et al., 2011; Henke et al., 2013). However, when we consider the thermal con-
ductivity through the solid network, i.e., thermal conductivity limited by the
necks between two monomers, ksol must be given by ksol ∼ (rc/R)kmat, even
for dense dust aggregates whose filling factors are close to unity (e.g., Chan
and Tien, 1973).

4.4 Discussion

Finally, we evaluate the total thermal conductivity of porous icy aggregates
under vacuum conditions. Thermal conductivity through the solid network
ksol is given by

ksol = 2kmat
rc

R
φ2, (4.11)

and thermal conductivity owing to radiative transfer krad is given by (Merrill,
1969)

krad =
16
3

σSBT3lp, (4.12)

where σSB = 5.67 × 10−8 W m−2 K−4 is the Stefan-Boltzmann constant. We
calculate the mean free path of photons in fluffy aggregates of submicron-sized
grains lp as follows:

lp =
1

(κabs + κsca)ρmatφ
, (4.13)

where κabs and κsca are the absorption and scattering mass opacities of
monomers, respectively, and ρmat = 1.68 × 103 kg m−3 is the material den-
sity. Here, the composition of icy dust aggregates is consistent with Pol-
lack et al. (1994). The total mass opacity of submicron-sized monomers
κabs + κsca is hardly dependent on the wavelength of the thermal radiation
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λ = 2.9 × 10−3 (T/K)−1 m for 10−6 m < λ < 10−4 m, and κabs + κsca is on the
order of 102 m2 kg−1 (e.g., Kataoka et al., 2014). Then we set lp = 10−5φ−1 m
in this study. Note that, for the case of fluffy aggregates of submicron-sized
monomers, the wavelength λ is larger than the monomer radius R, even if the
temperature is on the order of 103 K. Hence, we cannot apply the geometrical
optics approximation for the evaluation of lp.

Figure 4.4 shows the ksol of crystalline and amorphous icy aggregates, ksol,cr
and ksol,am, and the thermal conductivity owing to radiative transfer krad for
aggregates composed of icy monomers with a radius of R = 0.1 μm and tem-
perature of T = 40 K. We set γ = 100 mJ m−2, ν = 0.25, and Y = 7 GPa
for icy grains (Wada et al., 2007). The material thermal conductivities of
crystalline and amorphous grains, kmat,cr and kmat,am, are given by kmat,cr =

5.67 × 102 (T/K)−1 W m−1 K−1 and kmat,am = 7.1 × 10−8 (T/K) W m−1 K−1,
respectively (Haruyama et al., 1993).
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Figure 4.4: Comparison between ksol (magenta solid line for crystalline icy aggregates
and magenta dashed line for amorphous) and krad (blue dashed line). The monomer
radius is R = 0.1 μm and the temperature is T = 40 K.

For the case of φ < 4 × 10−3, the thermal conductivity owing to radia-
tive transfer krad is larger than the thermal conductivity through the solid net-
work of crystalline icy aggregates ksol,cr, even if the temperature is sufficiently
low (T = 40 K). If the total thermal conductivity ksol + krad does not change
substantially when crystallization occurs, then the internal temperature of icy
planetesimals could still increase after crystallization, which might cause run-
away crystallization due to latent heat. In addition, when the temperature of
an icy planetesimal increases, sintering can proceed inside the icy aggregate
before monomer grains evaporate or melt (e.g., Sirono, 2017). We cannot eval-
uate the contact radius rc from Eq. (4.10) when aggregates are sintered, and ksol
increases linearly as a consequence of the increase of rc. Sintering might also af-
fect the mechanical strength of aggregates (e.g., Omura and Nakamura, 2017)
and the critical velocity for collisional growth (e.g., Sirono and Ueno, 2017).
Therefore, the growth pathways of icy planetesimals might be altered by sin-
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tering of icy aggregates. Not only icy planetesimals but also rocky aggregates
could experience sintering before growing into dm-sized bodies, which might
explain the retainment of chondrules inside fluffy aggregates (Arakawa, 2017).
Note also that the total thermal conductivity might be controlled by the ther-
mal conductivity due to gas diffusion for the case of fluffy aggregates in high
gas density environments (e.g., the innermost region of protoplanetary disks
and/or planetary surfaces; Piqueux and Christensen, 2009).

In conclusion, we have revealed the filling factor dependence of the thermal
conductivity of porous aggregates. We showed that the thermal conductivity
of highly porous aggregates is significantly lower than previously assumed.
In future work, we will reexamine the growth pathways of planetesimals in
protoplanetary disks, and combine this with a density and thermal evolution
analysis.
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Chapter 5
Thermal conductivity and
coordination number of
compressed dust aggregates

Sota Arakawa, Misako Tatsuuma, Naoya Sakatani, and Taishi Nakamoto
Icarus 324, 8–14 (2019).

Abstract

Understanding the heat transfer mechanism within dust aggregates is of great
importance for many subjects in planetary science. We calculated the coor-
dination number and the thermal conductivity through the solid network of
compressed dust aggregates. We found a simple relationship between the co-
ordination number and the filling factor and revealed that the thermal conduc-
tivity through the solid network of aggregates is represented by a power-law
function of the filling factor and the coordination number.

5.1 Introduction

Understanding the thermal conductivity of dust aggregates and powdered me-
dia is important in numerous scientific and engineering fields. In the context
of planetary sciences, for example, the thermal evolution of planetesimals is
affected by the thermal conductivity of dust aggregates because they were
formed from micron-sized grains in the solar nebula (e.g., Henke et al., 2013;
Sirono, 2017). The near-surface temperature distribution of comets and aster-
oids also depends on the thermal conductivity of surface grains called regolith
(e.g., Blum et al., 2017; Okada et al., 2017). Moreover, the radial motion of dust
aggregates in a protoplanetary disk is induced by photophoresis, and the ef-
ficiency of this process is controlled by the thermal conductivity (e.g., Wurm
and Haack, 2009; Loesche and Wurm, 2012).
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The thermal conductivity of dust aggregates depends on many physical
parameters, and there are many experimental and numerical studies on the
thermal conductivity of dust aggregates. The thermal conductivity of porous
aggregates under a vacuum condition is given by two terms: the thermal con-
ductivity through the solid network ksol and the thermal conductivity owing
to radiative transfer krad. It is usually thought that the coordination number of
monomer grains (i.e., the average number of contacts per grain) Z influences
the thermal conductivity through the solid network ksol (e.g., Gusarov et al.,
2003; Sirono, 2014). Sakatani et al. (2016) revealed that ksol is dependent on
the contact radius between monomers rc normalized by the monomer radius
R as well. The thermal conductivity owing to radiative transfer krad is affected
by the temperature of dust aggregates T and the mean free path of photons
lp (e.g., Gundlach and Blum, 2012; Arakawa et al., 2017), and the mean free
path of photons lp depends on the monomer radius R, the filling factor φ, and
optical properties of dust aggregates.

Arakawa et al. (2017) revealed that the thermal conductivity through the
solid network ksol is proportional to the square of the filling factor φ for highly
porous aggregates with filling factors below 10−1. The coordination number Z
hardly changes with changing of φ for highly porous aggregates and the effect
of Z on ksol would be invisible. In contrast, for compressed aggregates with
filling factors above 10−1, the coordination number Z could be dependent on
the filling factor φ and the effect of the coordination number on the thermal
conductivity is expected to be observed.

In this study, we calculate the coordination number Z and the thermal con-
ductivity through the solid network ksol for compressed dust aggregates with
filling factors in a wide range of φ � 1. These snapshot data of compressed
dust aggregates are prepared in the same way as Kataoka et al. (2013b). We ex-
amine filling factor dependences of the coordination number Z and the thermal
conductivity through the solid network ksol, and we derive empirical formulae
of Z = Z(φ) and ksol = ksol(φ, Z(φ)). Then we confirm the validity of the re-
sults by comparison with the experimental data of Sakatani et al. (2017). Our
findings are expected to be competent tools for many fields of study related to
dust aggregates and powdered media.

5.2 Methods

We perform three-dimensional numerical calculations of dust aggregates using
the model described by Arakawa et al. (2017). Here we briefly summarize our
numerical methods.

5.2.1 Arrangement of monomer grains

The arrangement of monomer grains depends on the coagulation history of
the aggregates. At the initial stage of coagulation of dust aggregates in proto-
planetary disks, both experimental (e.g., Wurm and Blum, 1998) and theoret-
ical (e.g., Kempf et al., 1999) studies have shown that hit-and-stick collisions
without compression lead to the formation of highly porous aggregates with
the fractal dimension close to two, which is called ballistic cluster-cluster ag-
gregation (BCCA; Meakin, 1991). In this study, we prepare snapshots of the
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compressed BCCA aggregates comprised of 214 = 16384 spherical monomer
grains using three-dimensional numerical simulations of static compression as
Kataoka et al. (2013b). Figure 5.1 is an example snapshot of a compressed dust
aggregate.

Figure 5.1: Example snapshot of a compressed dust aggregate. The filling factor of
the presented aggregate is φ = 10−1.5. The colors of monomers, corresponding to the
temperature of each monomer grains, are given by Eq. (5.1).

5.2.2 Temperature structure of the dust aggregate

In order to calculate the thermal conductivity through the solid network of
an aggregate ksol, we determine the temperature of each monomer grain in a
cubic periodic boundary (Sirono, 2014; Arakawa et al., 2017). We calculate the
temperature of each grain using the method of Arakawa et al. (2017). Here, we
consider one-directional heat flow from the lower boundary plane to the upper
boundary plane (see Fig. 5.2). There are three choices regarding the pair of the
lower and the upper planes, and we calculate ksol from three directions.

We define R as the monomer radius and L3 as the volume of each cu-
bic space. The location of the i-th grain (xi, yi, zi) satisfies |xi| < L/2,
|yi| < L/2, and |zi| < L/2 for i = 1, 2, ..., N, where N = 16384 is the num-
ber of grains in the periodic boundary (see Fig. 5.2). The grains located in
−L/2 < zi < −(L/2 − R) are on the lower boundary, and the grains located
in +(L/2 − R) < zi < +L/2 are on the upper boundary. When the i-th grain
is located on the lower (upper) boundary, we add a new grain on the upper
(lower) boundary. The location of the new grain is (xi, yi, zi + L) for the case
when the i-th grain is located on the lower boundary and (xi, yi, zi − L) for the
case when the i-th grain is located on the upper boundary. We set the tempera-
ture of grains located on the lower and the upper boundary as T0 + ΔT/2 and
T0 − ΔT/2, respectively.

Heat flows through the monomer-monomer contacts, and for the case of
the steady state, the equation of heat balance at the internal i-th grain is given
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Figure 5.2: Sketch of a dust aggregate in a cubic periodic boundary. The temperature
of grains located on the lower (number 1 and location Y) and upper (number 40 and
location X) boundary is set to T0 + Δ/2 and T0 + Δ/2, respectively. The temperature of
each grain is calculated by solving the equation of heat balance (Eq. 5.1) simultaneously
for each grain (from Arakawa et al., 2017).

by
∑

j
Fi,j = 0, (5.1)

where Fi,j is the heat flow from the j-th grain to the i-th grain. The heat flow
from the j-th grain to the i-th grain Fi,j is given by

Fi,j = Hc(Tj − Ti), (5.2)

where Hc is the heat conductance at the contact of two grains and Ti and Tj
are the temperatures of the i-th and j-th grains. We consider the contacts not
only inside the periodic boundary but also on the side boundaries. The heat
conductance at the contact of two grains Hc is (Cooper et al., 1969)

Hc = 2kmatrc, (5.3)

where kmat is the material thermal conductivity and rc is the contact radius of
monomer grains. The contact radius rc depends on the monomer radius R and
the material parameters (see, e.g., Wada et al., 2007);

rc =

(
9πγ(1 − νP

2)

2YR

)1/3

R, (5.4)
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where γ, νP, and Y are the surface energy, the Poisson’s ratio, and Young’s
modulus of monomer grains, respectively. The temperature structure of the
aggregate in the cubic periodic boundary can be calculated by solving the Eq.
(5.1) simultaneously for all N monomer grains, except lower and upper bound-
ary grains, as shown in Fig. 5.1.

5.2.3 Thermal conductivity through the solid network

Once the temperature structure is obtained, we calculate the total heat flow at
the upper boundary ∑upper Fi,j, where we take the sum of contacts between
the upper boundary i-th grain and internal j-th grain (for the case of Fig.
5.2, ∑upper Fi,j = FX,27 + F40,39). The total heat flow at the upper boundary
∑upper Fi,j can be rewritten using the thermal conductivity through the solid
network ksol as

∑
upper

Fi,j = ksol
ΔT
L

L2. (5.5)

We discuss ksol as a function of the filling factor φ in this study, and rewrite L
using φ as

L =

(
4πN
3φ

)1/3
R. (5.6)

Therefore we obtain ksol as a function of φ as follows:

ksol =
1

LΔT ∑
upper

Fi,j,

= 2kmat
rc

R
·
(

3φ

4πN

)1/3

∑
upper

Tj − Ti

ΔT
,

≡ 2kmat
rc

R
· f (φ), (5.7)

where f (φ) is a dimensionless function of φ.

5.3 Numerical Results

We carried out 10 runs of numerical simulations of static compression with
different initial shape of the BCCA aggregate. Then we took 20 snapshot data
for each run of compression simulation. The filling factors of compressed dust
aggregates range from φ = 10−2 to 10−0.4 with logarithmic steps of 100.1 and
from 10−0.4 to 10−0.25 with logarithmic steps of 100.05. We investigate the filling
factor dependence of Z(φ) and f (φ) from 10 snapshot data for each φ obtained
from different runs of compression simulations.

5.3.1 Coordination number

The coordination number (i.e., the average number of contacts per grain) Z
increases as an aggregate is compressed. The initial coordination number of an
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uncompressed BCCA aggregate is approximately Z � 2, so we define ζ as the
deviation of the coordination number from the initial condition;

ζ ≡ Z − 2. (5.8)

Figure 5.3 shows the deviation of the coordination number from the initial
condition ζ(φ) as a function of the filling factor φ. The magenta circles repre-
sent the geometric mean of 10 snapshots from different runs with vertical error
bars of twice the standard error. We found that a power-law function well fits
the filling factor dependence of ζ(φ) at least in the range of 10−2 < φ < 10−0.25,
and the best-fit curve given by the weighted least-squares method is (blue
dashed curve),

ζ(φ) = 9.38φ1.62. (5.9)

Therefore the coordination number Z(φ) is given by,

Z(φ) = 2 + 9.38φ1.62. (5.10)
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Figure 5.3: Fitting of the deviation of the coordination number from two ζ ≡ Z − 2
as a function of the filling factor φ. The magenta circles represent the averaged data
with vertical error bars of twice the standard error. The blue dashed curve is the best-fit
obtained from the weighted least-squares method.

The coordination number and the filling factor are the key parameters not
only for the thermal conductivity but also for the outcome of the collision
between dust aggregates (e.g., Wada et al., 2011; Seizinger and Kley, 2013).
Bouncing collisions of dust aggregates within a protoplanetary disk might pre-
vent dust aggregates from growing into planetesimals via direct aggregation
(Zsom et al., 2010). The results from numerical simulations of aggregate colli-
sions indicate that dust aggregates can stick to each other only when the coor-
dination number is Z � 6 (Wada et al., 2011), or a filling factor of φ � 0.5 might
be the condition for collisional growth (Seizinger and Kley, 2013).
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5.3.2 Thermal conductivity

Previous studies (e.g., Sakatani et al., 2017) predicted that thermal conductiv-
ity depends on both the filling factor φ and the coordination number Z. For
highly porous aggregates, however, Z(φ) is approximately two and behaves
as a constant, hence f (φ) would only depend on φ for highly porous aggre-
gates. Arakawa et al. (2017) revealed that f (φ) is approximately proportional
to the square of φ for highly porous aggregates with filling factors below 10−1.
In this study, we calculate the dimensionless function of the thermal conduc-
tivity f (φ) for both loose (i.e., Z � 2) and close (i.e., Z > 2) dust aggregates.

Figure 5.4 shows the dimensionless function f (φ) as a function of the filling
factor φ. The magenta circles represent the geometric mean of 30 calculation
results of the temperature structure from 3 directions and 10 different runs,
with vertical error bars of twice the standard error. Here we assume that f (φ)
is given by the power-law function of φ and Z(φ), and the best-fit curve given
by the weighted least-squares method is (blue dashed curve),

f (φ) = 0.784φ1.99
(

Z(φ)
2

)0.556

. (5.11)
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Figure 5.4: Fitting of the dimensionless function of thermal conductivity f (φ) as a func-
tion of the filling factor φ. The magenta circles represent the averaged data with vertical
error bars of twice the standard error. The blue dashed curve is the best-fit obtained
from the weighted least-squares method.

For highly porous dust aggregates with filling factors in the range from
10−2 to 10−1, Arakawa et al. (2017) obtained a relationship between f (φ) and φ
as f (φ) � φ2. Our novel formula of f (φ) approximately coincides with the re-
sult of Arakawa et al. (2017) for highly porous aggregates, and we numerically
reveal the effect of the coordination number Z on the dimensionless function
of the thermal conductivity f using highly compressed aggregates.
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5.4 Comparison with experimental data

5.4.1 Comparison with Sakatani et al. (2017)

The thermal conductivity of dust aggregates in a vacuum is the sum of ksol and
krad, and the contributions of ksol and krad are distinguishable by measuring
the temperature dependence of the total thermal conductivity (e.g., Sakatani
et al., 2016, 2017). Sakatani et al. (2017) obtained the filling factor dependence
of ksol for dust aggregates composed of micron-sized glass grains. Therefore,
by comparison with the experimental data of Sakatani et al. (2017), we can
verify our model (Fig. 5.5). The blue dashed curve is the calculated thermal
conductivity from Eqs. (5.7) and (5.11), and the magenta circles represents the
experimental data of dust aggregates (Sakatani et al., 2017).

10-4

10-3

10-2

10-1

100

10-1 100

k s
ol

 [
W

 m
-1

 K
-1

]

filling factor φ

This study
Sakatani et al. (2017)

10-4

10-3

10-2

10-1

100

10-1 100

Figure 5.5: The thermal conductivity through the solid network ksol of dust aggregates
composed of SiO2 glass grains. We compare experimental data of Sakatani et al. (2017,
magenta circles) with our empirical model (blue dashed curve). The monomer radius
is R = 2.5 μm and the material thermal conductivity kmat at a temperature of 300 K is
kmat = 1.57 W m−1 K−1 (Sakatani et al., 2017).

When we consider the dust aggregates of micron-sized monomers, the con-
tact radius between monomers rc is given by Eq. (5.4). The material properties
of SiO2 glass grains are listed as follows: the surface energy γ = 20 mJ m−2,
the Poisson’s ratio νP = 0.17, and Young’s modulus Y = 54 GPa (Seizinger
and Kley, 2013). The monomer radius used in Sakatani et al. (2017) is R =
2.5 μm. The material thermal conductivity kmat depends on the tempera-
ture, and at a temperature of 300 K, the material thermal conductivity is
kmat = 1.57 W m−1 K−1 (Sakatani et al., 2017). Figure 7.5 shows that our empir-
ical model of ksol reproduces the experimental results with a relative difference
of 30% or less for a wide range of filling factors.
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5.4.2 Comparison with Krause et al. (2011)

The thermal conductivity of porous dust aggregates composed of micron-sized
SiO2 glass grains is obtained by Krause et al. (2011), using a combination of lab-
oratory experiments and numerical simulations. Krause et al. (2011) reported
the filling factor dependence of the thermal conductivity of dust aggregates
as Sakatani et al. (2017), although Krause et al. (2011) did not resolve the con-
tributions of the thermal conductivity through the solid network ksol and the
thermal conductivity owing to radiative transfer krad. For dust aggregates com-
posed of micron-sized monomers, however, we can calculate krad using the
Rossland diffusion approximation (e.g., Arakawa et al., 2017), and we can also
calculate ksol by using Eqs. (5.7) and (5.11). Therefore, by comparison with the
experimental data of Krause et al. (2011), we can test the validity of our novel
models for both ksol and krad.

The thermal conductivity through the solid network ksol is calculated from
Eqs. (5.7) and (5.11). In the experiments by Krause et al. (2011), each sample
was heated by the laser beam, and the temperature of dust aggregates tempo-
rally changes during their thermal conductivity measurements. Krause et al.
(2011) reported that the surface temperature of heated dust samples varied
from 300 K to 450 K. Therefore we take into account the temperature depen-
dence of the contact radius rc and the material thermal conductivity kmat. We
consider the temperature dependence of the material thermal conductivity kmat
and the surface energy γ. Gundlach and Blum (2012) assumed that kmat and γ
increase with temperature as follows:

kmat = c1 + c2T, (5.12)

and
γ = c3T, (5.13)

with c1 = 9.94 × 10−1 W K−1 m−1, c2 = 1.26 × 10−3 W K−2 m−1, and c3 =
6.67 × 10−5 J m−2 K−1. We apply these temperature dependences of kmat and
γ to the calculation of ksol. The monomer radius used in Krause et al. (2011)
is R = 0.75 μm, and we assume the Poisson’s ratio νP = 0.17 and Young’s
modulus Y = 54 GPa (Seizinger and Kley, 2013) as constant values for the
calculation of the contact radius rc.

We also calculate the thermal conductivity owing to radiative transfer krad.
The thermal conductivity owing to radiative transfer is proportional to the
mean free path of photons lp. In addition, when the monomer radius is smaller
than the thermal emission wavelength, lp is inversely proportional to the Ross-
land mean opacity κR. Therefore we calculate the Rossland mean opacity of
SiO2 glass grains whose radius is R = 0.75 μm and we obtain the temperature-
dependent κR (see 7.A).

Figure 5.6 shows the filling factor dependence of the thermal conductivity
through of dust aggregates composed of SiO2 glass grains. The solid curves are
the sum of the thermal conductivity through the solid network and the ther-
mal conductivity owing to radiative transfer, ksol + krad, whereas the dashed
curves represent the thermal conductivity through the solid network ksol. The
blue curves correspond to the thermal conductivity at T = 450 K, and the red
curves correspond to the thermal conductivity at T = 300 K. By comparison
with experimental data of Krause et al. (2011, magenta crosses) and our nu-
merical result of ksol + krad (blue and orange solid curves), we found that our
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novel model well reproduces the experimental results for a wide range of fill-
ing factors. In addition, the experimental results can only be explained when
we take into consideration the effect of radiative transfer when we consider
highly porous aggregates (see the experimental data of φ = 0.15 in Fig. 5.6).
This conclusion about the contribution of krad is qualitatively consistent with
the claim of Gundlach and Blum (2012). We also stress that our model has no
free parameter to fit the numerical calculations to the experimental results.
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Figure 5.6: The thermal conductivity of dust aggregates composed of SiO2 glass grains.
We compare the experimental data of Krause et al. (2011, magenta crosses with 30%
error bars) with our empirical model (blue and red curves). The solid curves repre-
sent the sum of the thermal conductivity through the solid network and the thermal
conductivity owing to radiative transfer, ksol + krad, whereas the dashed curves rep-
resent the thermal conductivity through the solid network ksol. The blue curves cor-
respond to the thermal conductivity at T = 450 K, and the red curves correspond to
the thermal conductivity at T = 300 K. The monomer radius is R = 0.75 μm, and the
temperature-dependence of the material thermal conductivity kmat and the surface en-
ergy γ is considered (Gundlach and Blum, 2012). The thermal conductivity owing to
radiative transfer krad is calculated from Eqs. (5.15) and (5.16).

5.5 Discussion

5.5.1 Contributions of ksol and krad

As shown in Fig. 5.6, the contribution of krad becomes important when the
filling factor of dust aggregates becomes lower, whereas the contribution of
ksol is much important when the filling factor is higher. Here we define the
transition filling factor φsol−rad by solving the equation ksol = krad. Assuming
f (φ) � φ2 for simplicity, we obtain the following relation:

φsol−rad �
(

8σSB

3ρmat

R
rc

1
kmatκR

)1/3
T. (5.14)
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For the case of SiO2 glass grains with T = 300 K and R = 0.75 μm, the tran-
sition filling factor φsol−rad is given by φsol−rad = 0.13. The transition filling
factor φsol−rad is a strong function of T because of the strong temperature de-
pendence of krad; when the temperature is T � 100 K, then the transition filling
factor is φsol−rad � 10−1 for dust aggregates composed of micron-sized SiO2
glass grains. This fact implies that the thermal conductivity through the solid
network ksol might be the dominant term for the heat conduction within cold
small bodies, such as comets and trans-Neptunian objects.

5.5.2 Estimation of monomer properties

As seen above, both ksol and krad depend on the chemical composition and the
monomer radius of dust aggregates, because kmat, κR, and rc/R are strongly
dependent on these monomer properties. Therefore, it is possible to give
some constraints on the chemical composition and the monomer radius of
small bodies by measuring the thermal conductivity of the surface regolith
of small bodies. Determining these fundamental properties is of course ex-
ceedingly important for understanding the collisional growth process of the
planetesimal formation (e.g., Blum and Wurm, 2008; Arakawa and Nakamoto,
2016b; Musiolik et al., 2016b). For the case of comets, the thermal inertia
of comets 9P/Tempel 1 and 67P/Churyumov-Gerasimenko are observed by
the Deep Impact mission and the Rosetta mission (e.g. Davidsson et al., 2013;
Spohn et al., 2015; Marshall et al., 2018). The thermal inertia I is given by
I =

√
(ksol + krad)ρmatCheatφ, where Cheat is the specific heat. Then we can

evaluate the (ksol + krad)ρmatCheat when I and φ are known from observations,
and the product (ksol + krad)ρmatCheat is a parameter directly related to the
chemical composition and the monomer radius. We will discuss the nature
of the building block of comets by using thermal conductivity calculations.

5.5.3 Pebble-pile hypothesis

In this study, we consider the heat conduction within homogeneous dust ag-
gregates. However, several studies (e.g., Blum et al., 2017; Wahlberg Jansson
et al., 2017) proposed that comets were formed via collapse of gravitationally
bound clouds of millimeter- to centimeter-sized compactified dust aggregates
so-called pebbles, and pebble clouds might collapse into porous pebble-pile
bodies. For pebble-pile bodies comprised of millimeter- to centimeter-sized
pebbles, the thermal conductivity owing to radiative transfer would be the
dominant term for the heat conduction due to the large mean free path of pho-
tons inside the voids between pebbles (Gundlach and Blum, 2012). We will
address the issue of “pebble-pile hypothesis” in future.

5.6 Conclusion

In this study, we conducted numerical simulations to determine the filling fac-
tor dependence of the thermal conductivity of compressed dust aggregates.
The initial arrangements of aggregates are given by BCCA and numerical sim-
ulations of static compression are done in a cubic periodic boundary. We found
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a simple relationship between the coordination number Z and the filling fac-
tor φ, Z(φ) = 2 + 9.38φ1.62. This relationship is practical in a wide range of
filling factors. It is also revealed that the thermal conductivity through the
solid network ksol is given by a power-law function of the filling factor φ and
the coordination number Z(φ) as ksol ∝ φ1.99Z(φ)0.556. Although what these
indices come from is still unclear, this empirical formula well explains the ex-
perimental data of the thermal conductivity measured by Sakatani et al. (2017).
In addition, when we consider the contributions of both the thermal conductiv-
ity through the solid network and the thermal conductivity owing to radiative
transfer, our novel model can reproduce the experimental results of Krause
et al. (2011) without any free parameters to fit the numerical calculations to the
experimental results.

By using our novel relations, we can determine the thermal conductivity
of dust aggregates from a given set of physical parameters. Conversely, we
can also constrain the physical parameters of a specific sample by measuring
the thermal conductivity. Therefore, our findings are expected to be competent
tools for many fields of study related to dust aggregates and powdered media.

79



5.A Thermal conductivity owing to radiative transfer 80

Appendix

5.A Thermal conductivity owing to radiative trans-

fer

In this study, we consider the thermal conductivity owing to radiative transfer
within fluffy aggregates composed of micron-sized grains. The thermal con-
ductivity owing to radiative transfer krad is given by (e.g., Merrill, 1969)

krad =
16
3

σSBT3lp, (5.15)

where σSB = 5.67 × 10−8 W m−2 K−4 is the Stefan-Boltzmann constant. We
calculated the mean free path of photons in fluffy aggregates of micron-sized
grains lp as follows:

lp =
1

κRρmatφ
, (5.16)

where κR is the Rossland mean opacity and ρmat is the material density. We
also note that when the wavelength of the thermal radiation is shorter than the
monomer radius and monomer grains are considered as opaque, we can ap-
ply the geometrical optics approximation for the evaluation of lp (e.g., Schotte,
1960).

The wavelength-averaged mean free path of photons lp is given by a mean
opacity averaged over all wavelengths called the Rossland mean opacity κR:

1
κR

≡
∫

dν κext
−1(∂Bν/∂T)∫

dν (∂Bν/∂T)
, (5.17)

where ν is the frequency of photons, κext is the wavelength-dependent extinc-
tion opacity, and Bν is the Planck function. The frequency ν can be rewritten
as ν = c/λ, where c = 3.00 × 108 m s−1 is the speed of light and λ is the
wavelength. We integrated Eq. (5.17) from λ = 0.1 μm to 100 μm. The Planck
function Bν is given by,

Bν =
2hν3

c2
1

exp [(hν)/(kBT)]− 1
, (5.18)

where h = 6.63× 10−34 J s is the Planck constant and kB = 1.38× 10−23 J K−1 is
the Boltzmann constant, respectively. With the assumption of spherical homo-
geneous particles, the extinction cross section Cext and opacity κext are given
by the Mie theory (Mie, 1908; Bohren and Huffman, 1983):

Cext =
2πR2

x2

∞

∑
n=1

(2n + 1)Re(an + bn), (5.19)

and
κext =

Cext

(4π/3)R3ρmat
, (5.20)

where x = 2πR/λ is called the size parameter, and an and bn are the Lorenz-
Mie coefficients. Then we can calculate the Lorenz-Mie coefficients from the
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size parameter x and the wavelength-dependent complex refractive index m
from the size parameter x and the wavelength-dependent complex refrac-
tive index m (see, e.g., Bohren and Huffman, 1983, for details). We took the
wavelength-dependent complex refractive index of SiO2 amorphous grains
from Kitzmann and Heng (2018). The calculated Rossland mean opacity of
SiO2 glass grains is shown in Fig. 5.7.
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Figure 5.7: The Rossland mean opacity of SiO2 glass grains. The monomer radius is
R = 0.75 μm and the material density is ρmat = 2.0 × 103 kg m−3. The refractive index
of SiO2 amorphous grains is taken from Kitzmann and Heng (2018).
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Chapter 6
Geometrical structure and
thermal conductivity of dust
aggregates formed via ballistic
cluster–cluster aggregation

Sota Arakawa, Masaki Takemoto, and Taishi Nakamoto
Progress of Theoretical and Experimental Physics 2019, 093E02 (2019).

Abstract

We herein report a theoretical study of the geometrical structure of porous dust
aggregates formed via ballistic cluster–cluster aggregation (BCCA). We calcu-
lated the gyration radius Rgyr and the graph-based geodesic radius Rgeo as a
function of the number of constituent particles N. We found that Rgyr/r0 ∼
N0.531±0.011 and Rgeo/r0 ∼ N0.710±0.013, where r0 is the radius of constituent
particles. Furthermore, we defined two constants that characterize the geomet-
rical structure of fractal aggregates: Df and α. The definition of Df and α are
N ∼ (Rgyr/r0)

Df and Rgeo/r0 ∼ (
Rgyr/r0

)α, respectively. Our study revealed
that Df � 1.88 and α � 1.34 for the clusters of the BCCA.

In addition, we also studied the filling factor dependence of thermal con-
ductivity of statically compressed fractal aggregates. From this study, we re-
veal that the thermal conductivity of statically compressed aggregates k is
given by k ∼ 2kmat(rc/r0)φ

(1+α)/(3−Df), where kmat is the material thermal
conductivity, rc is the contact radius of constituent particles, and φ is the filling
factor of dust aggregates.
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6.1 Introduction

The study of the aggregation of small dust particles into larger aggregates is
crucial for understanding the fundamental processes in astrophysics and geo-
physics. For example, the growth of aerosol or haze particles in the atmosphere
causes the scattering and absorption of the sunlight (e.g., Sorensen, 2001). In
addition to this, the aggregation of dust particles also occurs in the mineral
clouds of exoplanets and hence understanding the fundamental processes in-
volved in the formation process of dust aggregates in exoplanets is impera-
tive to interpret the transmission spectra (e.g., Ohno and Okuzumi, 2018; Ohno
et al., 2019). In addition, the aggregation of dust particles in the solar nebula
is the first step towards the formation of the planets (e.g., Adachi et al., 1976;
Dominik and Tielens, 1997; Wada et al., 2008; Tanaka et al., 2012), and the den-
sity evolution of dust aggregates is considered to be the key to understanding
the evolution from nm- or μm-sized dust grains to km-sized small bodies (e.g.,
Okuzumi et al., 2012; Arakawa and Nakamoto, 2016b; Tsukamoto et al., 2017;
Tatsuuma et al., 2018). The resulting aggregates frequently have a complex and
fractal structure with an extremely low filling factor (e.g., Meakin, 1987, 1991;
Blum and Wurm, 2008). Therefore, understanding the geometrical structure
of these fractal aggregates and its influence on the physical properties such as
the thermal conductivity and the compressive strength is of immense current
interest.

For porous dust aggregates composed of micron-sized SiO2 glass grains,
the thermal conductivity is obtained by several experimental studies (e.g.,
Krause et al., 2011; Sakatani et al., 2017), and it is empirically known that the
thermal conductivity is approximately proportional to the square of the filling
factor (Kobayashi et al., 2013; Arakawa et al., 2017, 2019c). However, the the-
oretical explanation of the dependence of thermal conductivity on the filling
factor is still lacking.

In contrast to the thermal conductivity, the filling factor dependence of the
tensile strength of porous dust aggregates is well understood (Tatsuuma et al.,
2019). The tensile strength of porous dust aggregates is evaluated from the
fractal structure of dust aggregates and the maximum force required to sepa-
rate two sticking particles. The compression strength would also be evaluated
from the fractal structure of dust aggregates and the rolling energy needed to
rotate a constituent particle around its connecting points (Kataoka et al., 2013b).

In this paper, we describe the geometrical structure of porous dust aggre-
gates formed in astrophysical environments. We present the calculation of
the gyration radius (which is defined in Section 6.2.1) and the graph-based
geodesic radius (which is defined in Section 6.2.2) of porous dust aggregates.
Subsequently, we present the interpretations of the filling factor dependence of
thermal conductivity from the geometrical structure, and we also confirm the
validity of our theoretical understanding by comparing it with the result of di-
rect numerical calculations in Section 6.3. Finally, we also present the modified
interpretation of the filling factor dependence of compression strength and the
average coordination number of dust aggregates in Section 6.4.
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Figure 6.1: Projection of a three-dimensional dust aggregate formed via ballistic cluster-
cluster aggregation (BCCA). The number of constituent particles is N = 216 = 65536.

6.2 Ballistic cluster-cluster aggregation

In the early stage of dust growth in astrophysical environments such as proto-
planetary disks and circumplanetary disks, the collision velocity is sufficiently
low to avoid collisional compaction and collisions between similar-sized dust
aggregates are dominant (e.g., Wurm and Blum, 1998; Kempf et al., 1999).
Therefore, the shape of dust aggregates in astrophysical environments is ex-
pected to resemble the clusters of ballistic cluster-cluster aggregation (BCCA).
The BCCA clusters are formed by the sticking of two equal sized BCCA clus-
ters with no restructuring (see Figure 3(a) of Okuzumi et al., 2009). We prepare
BCCA clusters in the following procedure: (1) prepare an aggregate composed
of 2i particles (initially i = 0), (2) copy this aggregate and change the orienta-
tion of the copy randomly, (3) by ballistic sticking of these two aggregates with
a randomly chosen offset, make a new aggregate composed of 2i+1 particles,
(4) continue the procedure (1)–(3). As shown in Figure 6.1, a BCCA cluster has
a highly porous structure. In this study, we assumed that all constituent par-
ticles (hereinafter referred to as “monomers”) are spherical and have the same
radius r0.

6.2.1 Gyration radius

For the quantitative analysis of the structure of porous aggregates, we need to
define a typical cluster radius. Here, we use the gyration radius Rgyr, which
is customary in aggregation studies (e.g., Kempf et al., 1999; Okuzumi et al.,
2009; Mukai et al., 1992) defined by

Rgyr ≡
(

1
2N2

N

∑
i

N

∑
j

(
xi − xj

)2
)1/2

≡
(

1
N

N

∑
i
(xi − xo)

2

)1/2

, (6.1)
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where N is the number of constituent monomers, xi is the coordinate of the ith
monomer, and xo is the coordinate of the center of mass.

We carried out 20 growth sequences of N-body simulations of BCCA as
previous studies (Okuzumi et al., 2009; Mukai et al., 1992). Here we show the
geometric mean of the gyration radius Rgyr as the function of the number of
monomers N in Figure 6.2(a). We found that the gyration radius Rgyr is given
by

log10
Rgyr

r0
= (0.531 ± 0.011) log10 N + (−0.012 ± 0.006), (6.2)

and given uncertainties are the standard errors. The structure of BCCA clusters
is therefore described in terms of the fractal dimension Df, which is defined as

N ∼
(

Rgyr

r0

)Df

. (6.3)

Our numerical data shows that Df is

Df � 1
0.531

� 1.88, (6.4)

or 1.85 < Df < 1.92 when we take uncertainty into consideration. This result
is consistent with previous studies (Okuzumi et al., 2009; Mukai et al., 1992;
Tazaki et al., 2016).

The effective volume of BCCA clusters V is evaluated as V ∼ 4πRgyr
3/3

and the volume of monomers is V0 = 4πr0
3/3. The filling factor of BCCA

clusters φ is given by

φ =
NV0

V
∼ N(

Rgyr/r0
)3 ∼ N1−3/Df . (6.5)

Therefore, we can calculate the filling factor of BCCA clusters from the number
of monomers.

6.2.2 Graph-based geodesic radius

Granular materials and dust aggregates transmit compressive stresses via a
network of force chains (e.g., Liu et al., 1995). Further, the chains of monomers
also conduct heat (e.g., Sirono, 2014). Therefore, understanding the chain struc-
ture within dust aggregates is essential, especially for the study of the mechan-
ical and heat transfer properties. Here, we introduce the graph geodesic and the
graph-based geodesic radius. Figure 7.3 schematically illustrates a BCCA clus-
ter. The distance between ith and jth particles is |xi − xj|, and we define the
graph geodesic between ith and jth particles as di,j in Figure 6.3. Considering
the graph structure of BCCA cluster, which is a tree (i.e., a connected acyclic
graph), we can uniquely determine the graph geodesic di,j.

The typical length of the chain of monomers is obtained using the same
method as the definition of Rgyr. We define the graph-based geodesic radius
Rgeo as

Rgeo ≡
(

1
2N2

N

∑
i

N

∑
j

di,j
2

)1/2

. (6.6)
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Figure 6.2: (a) Fitting of the gyration radius of BCCA clusters Rgyr as a function of
the number of monomers N. (b) Fitting of the graph-based geodesic radius of BCCA
clusters Rgeo as a function of N. The circles represent the averaged data with vertical
error bars of twice the standard error. The dashed line is the best-fit obtained from the
weighted least-squares method.
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di, j

|xi － xj|

i-th particle

j-th particle

Figure 6.3: Schematic description of the distance between ith and jth particles, |xi − xj|,
and the graph geodesic between ith and jth particles, di,j. It is clear that the graph
geodesic di,j is larger than the distance |xi − xj|.

It is clear that di,j
2 ≥ (

xi − xj
)2 and then Rgeo ≥ Rgyr by definition. Here we

show the geometric mean of the graph-based geodesic radius Rgeo as a function
of the number of monomers N over 20 runs in Figure 7.2(b). We found that the
graph-based geodesic radius Rgeo is given by

log10
Rgeo

r0
= (0.710 ± 0.013) log10 N + (0.034 ± 0.007), (6.7)

and given uncertainties are the standard errors.
Here, we consider the ratio of Rgeo and Rgyr. The ratio of Rgeo and Rgyr is

given by
Rgeo

r0
∼
(

Rgyr

r0

)α

, (6.8)

where α is the dimensionless constant and the constant α must depend on the
aggregation process of clusters. For BCCA clusters, we found that

α � 0.710
0.531

� 1.34, (6.9)

or 1.29 < α < 1.39 when we take uncertainty into consideration.

6.2.3 Bifractality of statically compressed BCCA clusters

In the early stage of dust growth, the fractal dimension of dust aggregates is
Df � 1.9. When the dust aggregates grow into cm-sized cluster, BCCA clus-
ters are dynamically compressed by dust-dust collisions (e.g., Suyama et al.,
2008) and/or statically compressed by ram pressure of the disk gas (e.g.,
Kataoka et al., 2013a). Although it depends on the physical properties of the
disk and the monomers, the compression mechanism for icy aggregates com-
posed of submicron-size monomers in the minimum mass solar nebula (Wei-
denschilling, 1977; Hayashi, 1981) is the static compression by ram pressure
(Kataoka et al., 2013a). In this study, we focus on the geometrical structure of
statically compressed BCCA clusters.
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BCCA cell compressed BCCA

Figure 6.4: Schematic description of a BCCA cell in the compressed BCCA cluster. The
yellow lines represent the possible heat paths.

The geometrical structure of statically compressed BCCA clusters is charac-
terized by bifractality. Kataoka et al. (2013b) calculated the average number of
particles in spheres of radii rin, Nin. For statically compressed BCCA clusters,
Nin is approximately given by

Nin ∼
(

rin

r0

)Df

(rin � rtr), (6.10)

Nin ∼ φ

(
rin

r0

)3
(rin 
 rtr), (6.11)

and the transition radius rtr is evaluated as rtr ∼ φ1/(Df−3)r0. In other words,
the fractal dimension becomes three on a large scale, while it remains 1.9, i.e.,
Df of BCCA, on a small scale. This structure evolution suggests that the static
compression reconstructs the fractal aggregate first on a large scale, because of
the weak compressive strength on a large scale (Kataoka et al., 2013b). There-
fore, we can imagine that it is possible to understand the physical properties
of statically compressed BCCA clusters from the geometrical structure of small
BCCA clusters preserved in compressed aggregates (hereinafter referred to as
“BCCA cells”). Figure 6.4 shows the schematic description of a BCCA cell in
the compressed BCCA cluster.

It is important to note that the geometrical structure of dynamically com-
pressed BCCA clusters is also characterized by bifractality (e.g., Wada et al.,
2008). The resulting fractal dimension is approximately 2.5 on a large scale
and it remains Df of BCCA on a small scale. Therefore, bifractality is a com-
mon characteristic of compressed BCCA clusters. We also hypothesize that this
bifractality is a common structure for compressed fractal aggregates although
the initial cluster is not originated from BCCA but other aggregation pro-
cesses, for example, diffusion-limited cluster aggregation (e.g., Meakin, 1983)
or reaction-limited cluster aggregation (e.g., Jullien and Kolb, 1984). We will,
however, need to confirm this hypothesis in the future.
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6.3 Thermal conductivity

In this section, we calculate the thermal conductivity of compressed BCCA
clusters and demonstrate the manner in which the geometrical structure affects
the thermal conductivity.

6.3.1 Methods

We calculate the thermal conductivity of compressed BCCA clusters composed
of 16384 (= 214) monomers. The snapshots used in this study and used in
our previous study (Arakawa et al., 2019c) are the same and were prepared by
Tatsuuma et al. (2019). The methods of the thermal conductivity calculation
are described in our previous studies (Arakawa et al., 2017, 2019c), which we
briefly summarize it here.

Dust aggregates are statically compressed in a cubic periodic boundary (see
Figure 1 of Arakawa et al., 2017). We consider one-directional heat flow from
the lower to the upper boundary plane. The thermal conductivity of a dust
aggregate in a cubic periodic boundary k is given by

k = 2kmat
rc

r0
f , (6.12)

where f is a dimensionless function of φ, kmat is the material thermal conduc-
tivity, and rc is the contact radius of monomer grains. The normalized thermal
conductivity f is given by

f ≡ r0L
S ∑

upper

Tj − Ti

ΔT
, (6.13)

where L is the length of the side of the cube, S = L2 is the area of the upper
and lower boundaries, Ti is the temperature of ith monomer, and ΔT is the
temperature difference between the upper and lower boundaries. We took the
sum of contacts between the ith grain on the upper boundary and jth grain
inside the boundaries (see Arakawa et al., 2017, for details).

In this study, we also consider the series connection of dust aggregates in
a cubic periodic boundary (see Figure 6.5). It is expected that the series con-
nection of dust aggregates would reduce the artificial effects of the boundary
condition on the thermal conductivity calculations.

6.3.2 Filling factor dependence

Figure 6.6 shows the projection of three-dimensional compressed BCCA cluster
in a cubic periodic boundary. The blue monomers are on the upper boundary
and the reds are on the lower boundary. The yellow monomers represent the
heat paths and the grays are the non-contributing monomers. The filling factor
of the aggregates is φ = 10−1.5. It is clear that not all monomers contribute to
the heat transfer within the dust aggregate.

It is predicted that the normalized thermal conductivity of dust aggregates
in a series connection of n cubes, fn, is given by

1
fn

� 1
n

(
1
f1

+
n − 1

f∞

)
, (6.14)
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n = 1 n = 2

Figure 6.5: Schematic description of the series connection of dust aggregates in a cubic
periodic boundary. The blue monomers are on the upper boundary and the reds are on
the lower boundary, and the yellow lines represent the heat paths. The series connection
of dust aggregates would reduce the artificial effects of the boundary condition.

Figure 6.6: An example snapshot of a compressed BCCA cluster in a cubic periodic
boundary. The blue monomers are on the upper boundary and the reds are on the
lower boundary. The yellow monomers represent the heat paths and the grays are the
non-contributing monomers. The filling factor of the aggregates is φ = 10−1.5.
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where f∞ is defined as
f∞ = lim

n→∞
fn. (6.15)

We can rewrite Equation (6.14) as

f1

fn
− 1 �

(
f1

f∞
− 1
)(

1 − 1
n

)
, (6.16)

and we found that ( f1/ fn)− 1 is approximately proportional to 1 − (1/n). In
Figure 6.7(a), we confirmed that the relation between ( f1/ fn)− 1 and 1− (1/n)
works well. Therefore, we can evaluate f∞ using f4 and f8 as follows:

f∞ �
(

2
f8

− 1
f4

)−1
. (6.17)

Figure 6.8(a) shows the normalized thermal conductivity for the limiting
case of n → ∞, f∞, as a function of the filling factor φ. We used 10 snapshot
data for each φ obtained from different compression simulations (Tatsuuma
et al., 2019) and calculated f∞ from three directions. The circles represent the
geometric mean of 30 calculation results of the temperature structure, with ver-
tical error bars of twice the standard error. We found that f∞ is given by

log10 f∞ = (2.068 ± 0.034) log10 φ + (−0.022 ± 0.007), (6.18)

and given uncertainties are the standard errors. This result is consistent with
those of previous studies (Arakawa et al., 2017, 2019c).

6.3.3 Surface density of heat paths

The thermal conductivity of dust aggregates must be affected by the typical
length of the chain of monomers Rgeo and the surface density of heat paths σ.
Here, we introduce the number of heat paths at the temperature T, Npath(T).
We define Npath(T) as the number of contacts between two monomers whose
temperatures are Ti and Tj with Ti < T < Tj. Thereafter, the average number
of heat paths Npath is given by

Npath ≡ 1
ΔT

∫ +ΔT/2

−ΔT/2
dTNpath(T), (6.19)

where the temperature at the upper and lower boundaries are −ΔT/2 and
+ΔT/2, respectively. The surface density of heat paths σ is given by

σ ≡ Npath

S
. (6.20)

The average number of heat paths Npath depends on the number of con-
nected cubes, n. In Figure 6.5, Npath = 3/2 for the case of n = 1 and
Npath = 409/281 for the case of n = 2. As well as f∞, we evaluated the surface
density of heat paths for the limiting case of n → ∞, σ∞. In Figure 6.7(b), we
confirmed that σ∞ can be predicted as follows:

σ∞ �
(

2
σ8

− 1
σ4

)−1
, (6.21)
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Figure 6.7: (a) Example calculation of f∞ (filled marker) using f1, f2, f4, and f8 (open
markers). (b) Example calculation of σ∞ (filled marker) by using σ1, σ2, σ4, and σ8 (open
markers). The aggregate used in this calculation is the same that used in Figure 6.6. We
calculated f∞ and σ∞ from three directions (x, y, and z).
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Figure 6.8: (a) Fitting of the normalized thermal conductivity for the limiting case of
n → ∞, f∞, as a function of the filling factor φ. (b) Fitting of the surface density of heat
paths for the limiting case of n → ∞, σ∞, as a function of φ. The circles represent the
averaged data with vertical error bars of twice the standard error. The dashed line is
the best-fit obtained from the weighted least-squares method.
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where σn is the surface density of heat paths within a dust aggregate in a series
connection of n cubes. Figure 6.8(b) shows the surface density of heat paths for
the limiting case of n → ∞, σ∞, as a function of the filling factor φ. We found
that

log10
σ∞

r0−2 = (1.775 ± 0.025) log10 φ + (0.076 ± 0.005), (6.22)

and given uncertainties are the standard errors.
For a BCCA cell, we can imagine that the average number of heat paths is

Npath ∼ O(1). (6.23)

Thereafter, the surface density of heat paths within a BCCA cell is given by

σ =
Npath

S
∼ Rgyr

−2. (6.24)

The relation between the gyration radius Rgyr and the filling factor φ is

Rgyr

r0
∼ N1/Df ∼ φ1/(Df−3), (6.25)

and we obtain the relation between σ and φ:

σ ∼ φ2/(3−Df)r0
−2. (6.26)

We found that 1.85 < Df < 1.92 in Section 6.2.1, therefore, we obtain 1.74 <
2/(3 − Df) < 1.85. The range of 2/(3 − Df) matches the numerical result,
σ ∼ φ1.775±0.025r0

−2. This fact validates the assumption that Npath ∼ O(1)
for BCCA cells.

We note that the tensile strength of compressed BCCA clusters, Pt, is ap-
proximately given by Pt ∼ σFc, where Fc = 3πγr0/2 is the maximum force
required to separate two sticking monomers and γ is the surface energy Do-
minik and Tielens (1997). Therefore, the tensile strength is given by

Pt ∼ γr0
−1φ1.775±0.025, (6.27)

which is consistent with the numerical result of Tatsuuma et al. (2019), Pt �
0.6γr0

−1φ1.8. The coincidence of the filling factor dependence may indicate not
only the number of heat paths but the number of force chains is also on the
order of unity for BCCA cells.

6.3.4 Understanding the filling factor dependence of the ther-
mal conductivity

Here, we demonstrate the manner in which the filling factor dependence of
the thermal conductivity is derived from the geometrical structure. For com-
pressed BCCA clusters, the fractal dimension is three on a large scale, then the
thermal conductivity of compressed BCCA clusters should be the same as the
thermal conductivity of BCCA cells.

The spatial scale of BCCA cells is L ∼ Rgyr and the area of the BCCA cells is
S ∼ Rgyr

2, where Rgyr ∼ N1/Df r0 is the gyration radius of a BCCA cell and N
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is the number of monomers in a BCCA cell. The surface density of heat paths
is approximately given by σ ∼ Rgyr

−2. The typical temperature difference
between two contacting monomers, δT, is also given by

δT ∼ ΔT
Rgeo/r0

, (6.28)

where ΔT is the temperature difference between the upper and lower region of
a BCCA cell. The heat conductance at the contact of two monomers, H, is (e.g.,
Luikov et al., 1968; Cooper et al., 1969)

H = 2kmatrc, (6.29)

and the heat flow at the contact of two monomers, I, is I ∼ HδT. Therefore,
the heat flow density within the BCCA cell is

k
ΔT
L

∼ σHδT, (6.30)

and the thermal conductivity k is rewritten as follows:

k ∼ 2kmat
rc

r0

r0
2

RgyrRgeo
. (6.31)

The normalized thermal conductivity f of the BCCA cell (and the compressed
BCCA cluster) is therefore given by

f ∼ r0
2

RgyrRgeo
∼ N−(1+α)/Df . (6.32)

The relation between N and φ is N ∼ φDf/(Df−3), then we obtain the following
equation:

f ∼ φ(1+α)/(3−Df) ∼ φ2.09. (6.33)

The derived relation shows excellent coincidence with our numerical result,
f ∼ φ2.068±0.034.

6.4 Discussion

6.4.1 Reinterpretation of the filling factor dependence of the
compressive strength

We can also derive the filling factor dependence of the compressive strength of
compressed BCCA clusters from the geometrical structure. In this section, we
evaluate the compressive strength Pc as Kataoka et al. (2013b) did.

The compressive force on the surface area of the BCCA cell Fc and the com-
pressive strength Pc are given by

Fc ∼ PcRgyr
2. (6.34)

The length of the force chain within the BCCA cell is Rgeo. Since the compres-
sion is accompanied by the rolling of pairs of monomers in the force chain, the
work required for compression can be given by

FcRgeo ∼ Eroll, (6.35)
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where Eroll = 6π2γr0ξcr is the energy needed to rotate a monomer around
its connection point by π/2 rad called the rolling energy, and ξcr is the critical
rolling displacement (Dominik and Tielens, 1997). Subsequently, we found that
the compressive strength Pc is given by

Pc ∼ Eroll

Rgyr
2Rgeo

∼ Eroll

r03 φ(2+α)/(3−Df), (6.36)

and (2 + α)/(3 − Df) � 2.99 for compressed BCCA clusters. The derived rela-
tion shows an excellent agreement with the numerical results of Kataoka et al.
(2013b), i.e., Pc ∼ (Eroll/r0

3)φ3.
We note that the original explanation by Kataoka et al. (2013b) might not be

accurate. Kataoka et al. (2013b) evaluated the work required for compression
as

FcRgyr ∼ Eroll, (6.37)

and the filling factor dependence of the compressive strength was obtained as

Pc ∼ Eroll

Rgyr
3 ∼ Eroll

r03 φ3/(3−Df). (6.38)

This estimate was based on the assumption that the compression is accompa-
nied by the rolling of single pair of monomers in a BCCA cell. In this deriva-
tion, 3/(3 − Df) � 2.69 and it might not reproduce their numerical results.
Although our findings suggest that the α parameter associated with the chain
length plays a significant role on the compression of dust aggregates, further
studies on the force distribution within compressed fractal aggregates are re-
quired.

6.4.2 Revisiting the average coordination number of com-
pressed aggregates

The average coordination number (i.e., the average number of contacts per
monomer) Z increases as an aggregate is compressed. Arakawa et al. (2019c)
found that, for compressed BCCA clusters, the filling factor dependence of Z is
given by Z = 2+ 9.38φ1.62. Here, we derive this equation from the geometrical
structure.

Considering the graph structure of BCCA cluster, which is a tree (i.e., a
connected acyclic graph), the average coordination number of a compressed
BCCA clusters is

Z ∼ 2N + C
N

, (6.39)

where the constant C is the number of the inter-cell contacts per BCCA cell.
The number of the faces, edges, and corners within a cube is 6, 12, and 8, re-
spectively. Subsequently, we assume that the number of the inter-cell contacts
per BCCA cell is C ∼ 9.

We define the deviation of the coordination number from two, ζ ≡ Z − 2.
The deviation ζ is given by

ζ ∼ C
N

∼ CφDf/(3−Df), (6.40)
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and 1.60 < Df/(3 − Df) < 1.79 when we take the uncertainty of Df into con-
sideration. Therefore, we obtain the following equation:

Z = 2 + CφDf/(3−Df), (6.41)

which is consistent with the numerical result of Arakawa et al. (2019c), al-
though the uncertainty of Df/(3 − Df) is large and future studies on both the
fractal dimension analysis and the average coordination number are essential.
We note that the fractal dimension Df depends on the formation process of dust
aggregates. Therefore, the average coordination number Z also depends on the
formation process of dust aggregates, as reported in Seizinger and Kley (2013).

The compressive strength Pc is also affected by the average coordination
number Z. If the average coordination number is Z � 2, nearly all the
monomers can roll when they are compressed. Therefore, the interparticle
force is close to the rolling friction force and the compressive strength is given
by Equation (6.36). On the other hand, in the high-density region (φ 
 0.1 and
Z 
 2), most of the particles cannot roll freely and the compressive strength is
larger than the evaluated value for the case of Z � 2 (e.g., Güttler et al., 2009;
Seizinger et al., 2012; Omura and Nakamura, 2017, 2018). Then, we expect that
the compressive strength would be given by the sliding friction force in the
high-density limit (Omura and Nakamura, 2017), although future studies are
required to understand this in detail.

6.5 Summary

In this study, we conducted the numerical simulations of the BCCA of small
dust particles and calculated the geometrical structure of the fractal dust ag-
gregates. Additionally, we derived the filling factor dependence of the physi-
cal properties of porous dust aggregates. Our key findings are summarized as
follows.

1. We calculated the gyration radius Rgyr and the graph-based geodesic ra-
dius Rgeo as the functions of the number of constituent particles N. We
found that Rgyr/r0 ∼ N0.531±0.011 and Rgeo/r0 ∼ N0.710±0.013, where
r0 is the radius of constituent particles. Thereafter, we defined two
constants which characterize the geometrical structure of fractal aggre-
gates: Df and α. The definition of Df and α are N ∼ (Rgyr/r0)

Df and
Rgeo/r0 ∼ (

Rgyr/r0
)α, respectively. We revealed that Df � 1.88 and

α � 1.34 for BCCA clusters.

2. Kataoka et al. (2013b) found that the geometrical structure of statically
compressed BCCA clusters is characterized by bifractality. This structure
evolution suggests that the static compression reconstructs the fractal ag-
gregate first on a large scale because of the weak compressive strength on
a large scale. Therefore, we can imagine that it is possible to understand
the physical properties of statically compressed BCCA clusters from the
geometrical structure of small BCCA clusters preserved in compressed
aggregates (“BCCA cells”).
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3. We investigated the filling factor dependence of thermal conductivity of
statically compressed aggregates. We found that the filling factor depen-
dence can be interpreted from the geometrical structure of dust aggre-
gates. The thermal conductivity of statically compressed aggregates k is
given by k ∼ 2kmat(rc/r0)φ

(1+α)/(3−Df), where kmat is the material ther-
mal conductivity, rc is the contact radius of constituent particles, and φ is
the filling factor of dust aggregates.

4. The compressive strength Pc is also derived from the geometrical struc-
ture as Pc ∼ (Eroll/r0

3)φ(2+α)/(3−Df), where Eroll is the energy needed to
rotate a monomer around its connection point by π/2 rad. Our finding
suggests that the α parameter associated with the chain length plays a
significant role in the compression of dust aggregates. In addition, the
average coordination number Z is derived from the geometrical struc-
ture as Z = 2 + CφDf/(3−Df), where C ∼ 9 is the number of the inter-cell
contacts per BCCA cell.
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Chapter 7
Comet 67P/Churyumov–
Gerasimenko is a hierarchical
aggregate

Sota Arakawa and Kazumasa Ohno

Abstract

The Rosetta mission to comet 67P/Churyumov–Gerasimenko has provided
plenty of data to understand what comets are made of. The thermal and me-
chanical properties of dust aggregates depend on their internal structure, i.e.,
whether homogeneous or hierarchical. In this study, we calculated the thermal
inertia, tensile strength, and compressive strength of homogeneous dust aggre-
gates using theoretically derived formulae. We found that we cannot explain
the tensile strength of the comet if it is a homogeneous aggregate of μm-sized
dust grains. We also derived the formulae for the physical properties of hierar-
chical dust aggregates. We found that the thermal inertia, tensile strength, and
compressive strength of the comet is consistent with the hierarchical aggregate
of cm- or dm-sized constituent aggregates. These findings indicate that the
icy planetesimals may form via accretion of cm- or dm-sized compressed dust
aggregates in the solar nebula.

7.1 Introduction

Comets are small and irregular-shaped objects composed of ices, organics, and
refractory materials. We thought that comets formed in the outer region of the
early solar nebula, where the disk temperature is much lower than the sublima-
tion temperature of H2O ice. Observations of the abundances of CO and CO2
in various comets indicate that they might form between the CO and CO2 ice
lines (e.g., A’Hearn et al., 2012). Because comets spent a long time under cold
conditions since their formation, they would be pristine objects and provide
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precious clues about the environment of the early solar system. For example,
the chemical composition of comets is the key to understanding the time evolu-
tion of the disk temperature and chemical abundances (e.g., Willacy et al., 2015;
Eistrup et al., 2019). The physical properties also give us plenty of information.

Understanding the physical properties of cometary dust is essential to con-
struct the planet formation scenario. There are numerous studies on the ther-
mal and mechanical properties of comets constrained from observations and
explorations (see, e.g., Groussin et al., 2019). Thermal properties are useful
for understanding the physical characteristics of constituent particles of the
surface dust layer (e.g., Blum et al., 2017; Hu et al., 2017). The mechanical
strengths, e.g., compressive and tensile strength, are thought to reflect the in-
formation from the subsurface of cometary nuclei (e.g., Groussin et al., 2015;
Basilevsky et al., 2016).

Experimental studies about the thermal conductivity of dust aggregates
(e.g., Krause et al., 2011; Sakatani et al., 2017, 2018) revealed that the ther-
mal conductivity depends on the porosity of the dust aggregates and the
size and composition of constituent particles. We note that numerical studies
about the thermal conductivity of dust aggregates (e.g., Sirono, 2014; Arakawa
et al., 2017, 2019c) can reproduce the results from laboratory experiments, and
Arakawa et al. (2019b) gave a theoretical explanation. Therefore, it could
be possible to retrieve the nature of the constituent particles of comets using
thermo-physical modeling and observations.

There are also several experimental studies about the tensile strength (e.g.,
Blum et al., 2006; Meisner et al., 2012; Gundlach et al., 2018) and compressive
strength (e.g., Güttler et al., 2009; Schräpler et al., 2015; Omura and Nakamura,
2018) of dust aggregates. Using the numerical simulations of dust aggregates,
Tatsuuma et al. (2019) obtained the theoretical formula to predict the tensile
strength, and Kataoka et al. (2013b) obtained the formula of the compressive
strength for fluffy aggregates (see also Seizinger et al., 2012; Seizinger and Kley,
2013; Arakawa et al., 2019b). Thus we could constrain the porosity and the size
of constituent particles of comets when the cometary dust particles are pristine
and preserved as dust aggregates even in the subsurface of cometary nuclei.

The Rosetta mission to comet 67P/Churyumov–Gerasimenko (hereinafter
referred to as comet 67P/C–G) has provided plenty of data to understand what
comets are made of. In the context of planetesimal formation, the direct ag-
gregation hypothesis was proposed for the origin of small icy bodies (e.g.,
Okuzumi et al., 2012). In this model, dust aggregates turn into km-sized comets
via collisional growth and static compression (Kataoka et al., 2013a), and the
resulting comets would be porous and homogeneous aggregates composed of
μm-sized grains. On the other hand, if comets formed via the gravitational
collapse of a clump of mm- to dm-sized compressed dust aggregates called
pebbles (e.g., Johansen and Youdin, 2007; Yang et al., 2017), then the internal
structure of comets would be described by hierarchical aggregates (e.g., Gund-
lach and Blum, 2012; Skorov and Blum, 2012; Blum et al., 2017). The thermal
and mechanical properties must be dependent on the structure of dust aggre-
gates, i.e., whether homogeneous or hierarchical. These physical properties
also depend on the nature of the constituent particles, e.g., the size and chemi-
cal composition.

In this study, we calculated the thermal inertia, tensile strength, and com-
pressive strength of homogeneous dust aggregates using theoretically derived
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formulae (e.g., Arakawa et al., 2019b; Tatsuuma et al., 2019). We found that
we cannot explain thermal inertia, tensile strength, and compressive strength
simultaneously if we assumed that comet 67P/C–G is a homogeneous aggre-
gate of μm-sized dust grains. Then we discussed the physical properties of
hierarchical dust aggregates of cm- or dm-sized constituting aggregates. For
the case of comet 67P/C–G, we found that the thermal properties of constitut-
ing aggregates determine the diurnal temperature variation. In contrast, the
tensile strength strongly depends on whether the structure of dust aggregates
is homogeneous or hierarchical, and the hierarchical aggregate of cm- or dm-
sized aggregates might be the best solution to explain the low tensile strength
of comet 67P/C–G. These findings indicate that the icy planetesimals in the so-
lar nebula might form via the gravitational collapse of dust clumps in the disk,
and dust aggregates in the solar nebula were cm-sized and highly compressed.

7.2 Mechanical models

7.2.1 Organic-mantled grains (OMGs)

The surface dust layer of comets is composed of (complex) organics and re-
fractory minerals. From the cometary secondary ion mass analyzer instrument
measurements during the Rosetta mission, cometary dust particles ejected from
the surface of comet 67P/C–G are the mixture of anhydrous silicates and or-
ganics (Bardyn et al., 2017). The organic matter also exists in chondritic porous
interplanetary dust particles, which come from comets (e.g., Flynn et al., 2013).
This organic matter is thought to form via grain-surface reactions by cosmic-
rays and ultraviolet photons (e.g., Piani et al., 2017). The chondritic porous
interplanetary dust particles are the cometary origin and represent the pristine
materials in the solar nebula (e.g., Ishii et al., 2008), and individual (sub)μm-
sized grains are mantled by organic matter (e.g., Flynn et al., 2013). Thus, we
assumed that the individual grains (hereinafter refereed to as monomer grains)
are the organic-mantled grains (OMGs). Homma et al. (2019) recently in-
troduced the particle interaction model for OMGs, and we summarize their
model.

7.2.2 Particle interaction model

An adhesion model for two sticking homogeneous and spherical grains was
proposed by Johnson, Kendall and Roberts (1971), called JKR contact theory
(see also Johnson, 1987; Dominik and Tielens, 1997; Wada et al., 2007). In JKR
theory, the contact radius of two sticking spherical monomers, ac, is given by

ac =

(
9πγ

2Y∗R

)1/3
R, (7.1)

where γ is the surface energy, Y∗ is the reduced Young’s modulus, and R is the
monomer radius. The reduced Young’s modulus is defined as

Y∗ = Y
1 − ν2 , (7.2)

where Yorg is Young’s modulus, and νorg is the Poisson’s ratio.
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Δ

ac

R

Figure 7.1: Schematic illustration of the two contacting organic-mantled grains (OMGs).
In case of the contact radius ac is much smaller than the thickness of organic mantles Δ,
the silicate cores have no effect on the adhesion of the OMGs.

The stress distribution in contacting monomers around the contacting area
is given in Johnson (1987), and the spatial scale of the stress distribution is ac.
Therefore, for the case of two contacting OMGs, the contact radius ac is de-
termined by the material properties of the organic mantle When the thickness
of mantle, Δ, is larger than the contact radius ac. The schematic figure of two
contacting OMGs is shown in Figure 7.1.

In this study, we assumed that the mechanical properties of the organic
mantle are the same as the analogs of organic aerosols in Titan called tholin
(Yu et al., 2017): γorg = 70.9 mJ m−2, Yorg = 3.0 GPa, and νorg = 0.3, re-
spectively. The typical value of the surface energy of organic is of the order of
10–100 mJ m−2 (e.g., Fowkes, 1964), Young’s modulus of organics below the
glass transition temperature is of the order of 1–10 GPa (e.g., Yu et al., 2018),
and the Poisson’s ratio is in the range of 0.3–0.4 (e.g., Sanditov, 2016). Thus our
assumptions for γorg, Yorg, and νorg are reasonable.

We assumed that the material density of organic mantles is ρorg =

1000 kg m−3, which is equal to the density of polystyrene latex (Krijt et al.,
2014). The material density of silicate cores is ρsil = 3000 kg m−3. The observa-
tionally suggested mass fractions of organic matter and refractory silicates are
forg = 0.45 and fsil = 0.55 (Bardyn et al., 2017), then the volume fractions of
the organic mantle and silicate core are assumed to be

χorg =
forg/ρorg

forg/ρorg + fsil/ρsil
= 0.71, (7.3)

and
χsil =

fsil/ρsil
forg/ρorg + fsil/ρsil

= 0.29, (7.4)

respectively. The mean material density of OMGs is

ρmat =

(
forg

ρorg
+

fsil
ρsil

)−1

= 1.58 × 103 kg m−3. (7.5)

The thickness of the organic mantle is therefore given by

Δ =
(

1 − χsil
1/3
)

R = 0.34R, (7.6)
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and the condition for using the JKR theory is

ac < Δ. (7.7)

When we assume γ = γorg, Y = Yorg, and ν = νorg, the contact radius between
two sticking OMGs is

ac = 6.7 × 10−2
(

R
1 μm

)−1/3
R, (7.8)

and the condition for using the JKR theory is fulfilled for μm-sized OMGs.
The critical pulling force to separate two sticking monomers, Fc, is given by

(Johnson et al., 1971)

Fc =
3
2

πγR, (7.9)

and the critical pulling force does not depend on the elastic property of con-
tacting monomers. The rolling energy needed to rotate a monomer around its
contacting point by 90◦ (hereinafter referred to as rolling energy), Eroll, is de-
scribed as (Dominik and Tielens, 1997)

Eroll = 6π2γRξc, (7.10)

where ξc is the critical rolling displacement. Krijt et al. (2014) found that ξc is
given by

ξc =
ac

12

(
Δγ

γ

)
, (7.11)

where (Δγ/γ) is the fixed adhesion hysteresis, and (Δγ/γ) � 3 for
polystyrene latex.

7.2.3 Structures of dust aggregates

The structure of dust aggregates depends on their accretion and compression
history. Figure 7.2 shows the schematic illustrations of homogeneous and hi-
erarchical aggregates (see also Gundlach and Blum, 2012; Skorov and Blum,
2012).

Homogeneous aggregates are thought to form via static compression of
fluffy dust aggregates (e.g., Kataoka et al., 2013b,a). Thus, if comets formed
via accretion of fluffy aggregates, the internal structure of comets would be a
homogeneous aggregate due to the static compression caused by self-gravity.
In contrast, the comets formed via accretion of compressed aggregates would
become hierarchical aggregates when the compressive strength of constituting
aggregates is much higher than the self-gravity inside the comets.

7.2.4 Mechanical strengths of homogeneous aggregates

The tensile strength of homogeneous OMG aggregates, Pt, is given by Tatsu-
uma et al. (2019) as follows:

Pt = 0.12
Fc

R2 φ1.8 = 2.2 × 103
(

R
1 μm

)−1( φ

0.2

)1.8
Pa. (7.12)
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(a) homogeneous aggregate (b) hierarchical aggregate

Figure 7.2: Schematic illustrations of a homogeneous aggregate and a hierarchical ag-
gregate used in this study. (a) A homogeneous aggregate formed via static compression
of fluffy dust aggregates (e.g., Kataoka et al., 2013a,b). The radius of each monomer is
R and we assume that the constituting monomers are monodisperse. The filling fac-
tor of aggregates is φ. (b) A hierarchical aggregate formed via accretion of constituting
aggregates (surrounded by dashed circles). The constituting aggregates are described
by homogeneous aggregates of the aggregate radius of Ragg and monomer radius of R,
while the physical properties of bulk hierarchical aggregates are different from that of
homogeneous aggregates (e.g., Gundlach and Blum, 2012; Skorov and Blum, 2012). The
filling factor inside constituting aggregates is φagg, and the packing fraction of consti-
tuting aggregates is φp, thus the total filling factor of a hierarchical aggregate is given
by φ = φaggφp.
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Figure 7.3: The tensile strength of homogeneous aggregates and hierarchical aggre-
gates. (a) The tensile strength of homogeneous aggregates, Pt, as a function of the filling
factor φ. Magenta: for the case of R = 0.1 μm. Black: for the case of R = 1 μm. Green:
for the case of R = 10 μm. (b) The tensile strength of uncompressed hierarchical ag-
gregates, Pt,hie,0, as a function of the aggregate radius Ragg. Magenta: for the case of
R = 0.1 μm. Black: for the case of R = 1 μm. Green: for the case of R = 10 μm.

The compressive strength Pc is also given by Kataoka et al. (2013b):

Pc =
Eroll

R3 φ3 = 5.6 × 102
(

R
1 μm

)−4/3( φ

0.2

)3
Pa, (7.13)

where φ is the filling factor of the aggregate (see also Arakawa et al., 2019b).
The tensile strength of homogeneous aggregates, Pt, is shown in Figure 7.3(a).

This is because most of the particles cannot roll freely when φ � 0.2, and
thus the compressive strength of well-compressed aggregates cannot be eval-
uated from Equation (7.13). Although there is no theoretical model that can
predict the compressive strength of dust aggregates of arbitrary monomer ra-
dius and filling factor, there are numerous experimental studies of the com-
pression of dust aggregates. Figure 7.4(a) shows the filling factor dependence
of the compressive strength of homogeneous dust aggregates composed of
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monodisperse spherical particles (see Omura and Nakamura, 2018, and ref-
erences therein).

7.2.5 Mechanical strengths of hierarchical aggregates

Critical pulling force

The critical pulling force to separate two sticking 0.1 mm-sized aggregates,
Fc,agg, is experimentally studied by Brisset et al. (2016). In their experiments,
the statistical threshold velocity between sticking and bouncing is measured.
Then the critical pulling force Fc,agg was evaluated from the threshold velocity
between sticking and bouncing. Figure 7.5 shows the experimental results of
Fc,agg for various aggregate radius Ragg. The monomers used in Brisset et al.
(2016) are R � 1 μm-sized SiO2 grains. The physical properties of SiO2 grains
are listed in Dominik and Tielens (1997): γsil = 25 mJ m−2, Ysil = 54 GPa, and
νsil = 0.17.

Monomer-monomer contact model. Here we propose a simple model of
Fc,agg for uncompressed sticking aggregates. Figure 7.6 shows the schematic
illustration. When there is no external pressure, the number of inter-aggregate
contacts, n, would be n ∼ 1. Then the critical pulling force for uncompressed
sticking aggregates is given by

Fc,agg = n · 3
2

πγR = 1.2 × 10−7
(

γ

25 mJm−2

)(
R

1 μm

)
N, (7.14)

which is equal to the Fc of two sticking monomers when we assume n = 1. We
can explain the experimental results (Brisset et al., 2016) by using the monomer-
monomer contact model (see Figure 7.6).

Effective surface energy model. We also note that the effective surface en-
ergy model (Weidling et al., 2012; Brisset et al., 2016) cannot explain the experi-
mental results. Weidling et al. (2012) introduced the “effective surface energy”
γeff as follows:

γeff = γφagg
ac

2

R2 . (7.15)

The critical pulling force for uncompressed sticking aggregates would be given
by (

Fc,agg
)

ESE = n · 3
2

πγeffRagg, (7.16)

in the framework of the effective surface energy model. Assuming that φagg =
0.37 (Brisset et al., 2016) and n = 1, the critical pulling force will be (see Figure
7.5) (

Fc,agg
)

ESE = 1.5 × 10−9
(

Ragg

0.1 mm

)
N; (7.17)

however, the experimental results suggest that Fc,agg � 10−7 N for 0.1 mm-
sized aggregates∗. Since the condition that n ∼ 102 seems to be unrealistic (be-
cause the average coordination number of aggregates is much lower than 12,

∗ Note that Brisset et al. (2016) calculated the surface energy γ from the effective surface energy
γeff (see Table 4 of Brisset et al., 2016). However, we found that their calculation contains errors:
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Figure 7.4: (a) Filling factor dependence of the compressive strength of homogeneous
aggregates composed of monodisperse spherical particles. Experiments are done by
Güttler et al. (2009, black) for dust aggregates of R = 0.75 μm silica spheres, Omura
and Nakamura (2018, magenta) for R = 0.85 μm silica beads, Omura et al. (2016, blue)
for R = 2.4 μm fly ash, and Omura and Nakamura (2017, green) for R = 9 μm glass
beads, respectively. Experimental data were fitted using a polytropic relation by Omura
and Nakamura (2018), and dashed lines are the extrapolation of experimental results.
(b) Filling factor dependence of the compressive strength of hierarchical aggregates.
Experiments are done by Schräpler et al. (2015, black) for hierarchical aggregates of
R = 0.75 μm and Ragg � 0.09 mm and Machii et al. (2013, maghenta) for hierarchical
aggregates of R = 0.4 μm and Ragg � 0.5 mm. Experimental data were fitted using a
empirical function proposed by Güttler et al. (2009). The fitting coefficients are listed in
Table 1 of Schräpler et al. (2015).

107



7.2 Mechanical models 108

10-9

10-8

10-7

10-6

 0.1  0.2

C
ri

tic
al

 p
ul

lin
g 

fo
rc

e 
F

c 
[N

]

Aggregate radius Ragg [mm]

monomer-monomer contact model
effective surface energy model
Brisset et al. (2016)

10-9

10-8

10-7

10-6

 0.1  0.2

Figure 7.5: The critical pulling force for sticking aggregates Fc,agg. Magenta crosses with
a vertical error bar are the experimental results of Brisset et al. (2016). The blue solid
line is the prediction of monomer-monomer contact model proposed in this study. We
assumed the number of inter-aggregate contacts is n = 1. The black dashed line is the
prediction of effective surface energy model (Weidling et al., 2012; Brisset et al., 2016).

(a) n = 1

(b) n = 2

Figure 7.6: Schematic illustrations of two contacting aggregates. (a) Two contacting
aggregates with the number of inter-aggregate contacts of n = 1. (b) Two contacting
aggregates with the number of inter-aggregate contacts of n = 2. We assume that n ∼ 1
for the contacts between uncompressed sticking aggregates, and n increases with com-
pression of hierarchical aggregates.
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i.e., the maximum coordination number for monodispersed grains), we con-
clude that the effective surface energy model (Weidling et al., 2012) might con-
tain a critical error.

Tensile strength

We can theoretically derive the tensile strength of uncompressed hierarchical
aggregates, Pt,hie,0, using Equation (7.16) as follows:

Pt,hie,0 = 0.12
Fc,agg

Ragg
2 φp

1.8,

= 0.63
(

R
1 μm

)(
Ragg

0.1 mm

)−2( φp

0.64

)1.8
Pa. (7.18)

Here we assumed the monomers are spherical SiO2 grains. The tensile strength
of uncompressed hierarchical aggregates, Pt,hie,0, is shown in Figure 7.3(b). We
assumed φagg = 0.64 in Figure 7.3(b).

Although there are no experimental studies on the tensile strength of un-
compressed hierarchical aggregates, Blum et al. (2014) studied the tensile
strength of compressed hierarchical aggregates, Pt,hie(P), as a function of the
compression pressure P. Figure 7.7 shows their experimental results, and we
found that the tensile strength of uncompressed hierarchical aggregates,

Pt,hie,0 ≡ lim
P→0

Pt,hie(P), (7.19)

must be lower than 5 Pa for the case of R � 1 μm and 0.1 mm < Ragg < 1 mm.
Thus our estimate (Equation 7.18) is consistent with the experimental results of
Blum et al. (2014), although future precise measurements of Pt,hie,0 and Pt,hie(P)
are needed.

Compressive strength

Schräpler et al. (2015) studies the compressive strength of hierarchical aggre-
gates. The monomer radius and aggregate radius used in Schräpler et al. (2015)
are R = 0.75 μm and Ragg � 0.09 mm, and the filling factor inside consti-
tuting aggregates is φagg = 0.35 (Weidling et al., 2012). We can imagine that
hierarchical aggregates are initially compressed from a large scale (∼ Ragg) be-
cause the compressive strength for the inter-aggregate structure is lower than
that of intra-aggregate structure. Then the compaction stops when the packing
fraction of constituting aggregates, φp, reaches φp � 0.6. Figure 7.4(b) shows
the filling factor dependence of the compressive strength of hierarchical aggre-
gates.

Machii et al. (2013) also studied the compressive strength of hierarchical ag-
gregates. The measured compressive strength in Machii et al. (2013) is much

when we assumed Y = 5.4 × 1010 Pa, the measured surface energy scaled down to a monomer
particle would be γ = 4.5 × 10−2 J m−2 for aggregates composed of monodisperse grains and
5.3 × 10−2 J m−2 for aggregates composed of polydisperse grains. These values are much larger
than their results: γ = 1.7 × 10−2 J m−2 for aggregates composed of monodisperse grains and
2.0 × 10−2 J m−2 for aggregates composed of polydisperse grains. Indeed, we can reproduce their
calculation if we applied Y = 5.4 × 109 Pa, which is ten times lower than the canonical value
(Dominik and Tielens, 1997).
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(a) DA1 samples (Ragg = 0.33 mm) (b) DA2 samples (Ragg = 0.65 mm)

Figure 7.7: Tensile strengths of hierarchical aggregates as a function of the compression
pressure at the position of the break-up (squares). (a) The DA1 samples are hierarchi-
cal aggregates, and the mean radius of the aggregates is Ragg = 0.33 mm. (b) The
DA2 samples are also hierarchical aggregates, and the mean radius of the aggregates is
Ragg = 0.65 mm. The monomer particles of both DA1 and DA2 samples are micron-
sized SiO2 particles, and the mean particle radius is R = 1 μm. The dashed line shows
the least-squares linear fit applied to the data. The uncertainties of the tensile strength
measurements are denoted by the gray error bars. Experimental results shows that
Pt,hie,0 of both DA1 and DA2 samples is 0–5 Pa. (Figures taken from Figures 7 and 8 of
Blum et al., 2014)

higher than that of Schräpler et al. (2015); thus, Machii et al. (2013) observed
the compression of constituent aggregates in this stage. The hierarchical ag-
gregates are prepared by using sieves with mesh sizes of 1.0 mm and 1.6 mm.
The monomer radius and aggregate radius used in Schräpler et al. (2015) are
R = 0.4 μm and Ragg � 0.5 mm. Note that the data of Machii et al. (2013) start
at φ = 0.24, whereas the data of Schräpler et al. (2015) end at φ = 0.37. This
discrepancy might be originated from the different preparation methods of the
hierarchical aggregates (Schräpler et al., 2015), or due to the different monomer
and aggregate radii. Future studies on this point are needed to understand the
compressive strength of hierarchical aggregates.

7.3 Mechanical strengths of comet 67P/C–G

In this section, we consider estimates for the material strength of the nucleus of
comet 67P/C–G. Then we discuss the structure of the nucleus. The main issues
in this study are; (1) whether cometary building blocks are consolidated rocks
or unconsolidated aggregates, (2) if the comet is an unconsolidated aggregate,
whether the internal structure is homogeneous or hierarchical, and (3) how
large the constituting aggregates and monomer grains are.

7.3.1 Tensile strength

The tensile strength of the nucleus of comet 67P/C–G is measured in various
spatial scales. Figure 7.8(a) is the summary of estimates of Pt. Hirabayashi et al.
(2016) calculated the tensile strength at the neck region of comet 67P/C–G.
Groussin et al. (2015) and Attree et al. (2018) estimated the tensile strength of
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10–100 m-scale overhangs and collapsed structures observed on the surface
of the comet. These estimates based on the observation and numerical calcu-
lations suggest that (i) the tensile strength of comet 67P/C–G is lower than
102 Pa across all spatial scales, and (ii) Pt for km-scale is not larger than that for
10 m-scale.

According to our calculation shown in Figure 7.3, the tensile strength of
homogeneous aggregates is Pt � 103 Pa when the monomer radius is R < 1 μm
and the filling factor is φ > 0.1. Therefore homogeneous dust aggregates of
(sub)μm-sized monomers cannot explain the weak tensile strength of comet
67P/C–G, as mentioned in previous studies (e.g., Tatsuuma et al., 2019).

The mechanical strength of consolidated rocks is usually dependent on the
spatial scale (e.g., Petrovic, 2003; Xu, 2005). The tensile strength decreases with
increasing size, and the Weibull statistical theory (Weibull, 1951) explains this
phenomenon: Pt ∼ L−0.5, where L is the size of consolidated materials. How-
ever, the spatial scale dependence of the tensile strength suggests that cometary
dust may not be consolidated because the tensile strength for a small scale
(L � 10 m) is not larger than that for a large scale (L � 103 m). Thus the
nucleus of comet 67P/C–G would be neither consolidated rocks/ices nor ho-
mogeneous dust aggregates.

In contrast, the tensile strength of the comet can be explained by hierar-
chical aggregate model. Gundlach et al. (2015) shows that the maximum gas
pressures driven by the outgassing of volatiles (e.g., H2O and CO2 ice) is on
the order of 0.1 Pa, thus the tensile strength at the cometary surface should be
lower than � 0.1 Pa to explain the dust activity of comet 67P/C–G. Christou
et al. (2018) also performed numerical simulations of gas flow through comet
analogue porous medium, and they found that the gas pressure near the sur-
face is ∼ 10−2 Pa. In Equation (7.18), we derived the the tensile strength of
uncompressed hierarchical aggregates:

Pt,hie,0 = 1.8 × 10−2
(

R
1 μm

)(
Ragg

1 mm

)−2
Pa. (7.20)

Therefore a hierarchical aggregate constituted of mm-sized (or much larger)
aggregates of OMGs can explain the tensile strength at the surface.

The tensile strengths for ≥ 10 m-scale would also be consistent with the
hierarchical aggregate model. The tensile strength Pt,hie increases with increas-
ing the applied pressure P (see Figure 7.7). Assuming that the filling factor
inside the nucleus is uniform (Pätzold et al., 2016), the pressure is given by
(e.g., Groussin et al., 2015)

P(r) =
4πGρmat

2r67P

3
φ2
(

1 − d
2r67P

)
d, (7.21)

where G is the gravitational constant, r67P ∼ 1 km is the radius of the comet,
and d is the distance from the surface, i.e., the depth. Since P(r) is approxi-
mately proportional to the depth d, and Pt,hie(P) is proportional to the applied
pressure (Blum et al., 2014), we expect that Pt,hie is proportional to the depth d
when Pt,hie(P) 
 Pt,hie,0. Assuming that L ∼ d, the tensile strength Pt,hie would
also be proportional to the spatial scale L.

For the case of hierarchical aggregates of R � 1 μm and Ragg � 0.5 mm, the
pressure dependence of Pt,hie is Pt,hie(P) � 0.03P (see Figure 7.7). The pressure
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Figure 7.8: The estimates for mechanical strengths of comet 67P/C–G in various spatial
scales. (a) Tensile strength Pt. Hirabayashi et al. (2016, orange): Pt at the neck region of
comet 67P/C–G (1 km-scale). Groussin et al. (2015, magenta): Pt estimated from 10–100
m-scale overhangs and collapsed structures observed on the surface of the comet. Attree
et al. (2018, green): Pt of 10–100 m-scale overhangs calculated from their shape profiles.
Gundlach et al. (2015, grey): the maximum gas pressure at the ice-dust interface caused
by the sublimation of H2O and CO2. (b) Compressive strength Pc. Basilevsky et al.
(2016, orange): the lower limit of Pc at the bottom of a 1 km-sized cliff. Biele et al. (2015,
magenta): Pc estimated from the mechanical response of the first touchdown of Philae.
Heinisch et al. (2019, green): Pc estimated from the rebound trajectory at collision and
second touchdown of Philae.
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at the center of the larger lobe of comet 67P/C–G is P(r67P) � 86 Pa (Blum
et al., 2017), then the expected pressure at the depth d is

P(d) � 170
(

d
r67P

)
Pa, (7.22)

and the tensile strength is also given by a function of the spatial scale L:

Pt,hie(L) ∼ 5
(

L
r67P

)
Pa. (7.23)

This estimate is in agreement with the observational results shown in Figure
7.8(a). Note that we still do not know Pt,hie(P) for R � 1 μm or Ragg 

1 mm. Future studies of the measurement of Pt,hie for various R and Ragg are
necessary.

7.3.2 Compressive strength

The compressive strength of the nucleus of comet 67P/C–G is also studied by
the Rosetta mission. Figure 7.8(b) is the summary of estimates of Pc. Results
from compressive strength measurements by Basilevsky et al. (2016), Biele et al.
(2015), and Heinisch et al. (2019) are consistent with both consolidated and
unconsolidated materials when the filling factor inside the nucleus is uniform.

Although the compressive strength of hierarchical aggregates is not yet
completely understood, the experimental studies (Schräpler et al., 2015; Machii
et al., 2013) suggest that the compressive strength is on the order of 10–105 Pa
when the total filling factor, φ = φaggφp, is in the range of 0.25–0.35, as shown
in Figure 7.4(b). Thus the hierarchical aggregate model is consistent with the
observational constraint on Pc.

Note that the compressive strength of Pc � 10 Pa at the depth of d � 1 m
could be the evidence that comets did not form from fluffy aggregates with
filling factor of φ � 0.1. According to Figure 7.3, the compressive strength of
fluffy aggregates is

Pc ∼ 10−1
(

R
1 μm

)−4/3( φ

10−2

)2
Pa. (7.24)

At the depth d, the accreted fluffy aggregates on the comet will be compressed
when the compressive strength of the original fluffy aggregates is lower than
P(d). The filling factor of compressed aggregates is determined by the follow-
ing equation, Pc = P(d). The pressure at the depth of d ∼ 1 m would be only
P ∼ 10−1 Pa, however. Thus the compressive strength of Pc � 10 Pa at the
depth of d ∼ 1 m cannot be reproduced when comets formed via accretion of
fluffy aggregates with the filling factor of φ � 0.1.

7.3.3 Impacts of chemical composition on mechanical
strengths

In Figure 7.3, we calculated both Pt and Pc under the condition that monomer
grains are OMGs. However, in reality, monomers in the deeper region of
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comets are likely to be mantled by ices. Thus, we should evaluate the impacts
of ices on Pt and Pc.

The tensile strength Pt is proportional to the surface energy γ (Tatsuuma
et al., 2019, see also Eqs. 7.9 and 7.12), and it is independent of the elastic
property of monomers, Y∗. The surface energy of organics used in this study
is γorg = 70.9 mJ m−2 (Yu et al., 2017), and the surface energy of H2O ice
is γH2O = 100 mJ m−2 (Wada et al., 2007). The surface energy of CO2 ice,
γCO2, would be about ten times lower than γH2O (Musiolik et al., 2016a,b).
Therefore, the expected surface energy of ice-mantled grains is in the range of
10–100 mJ m2, and the tensile strength also changes an order of magnitude by
chemical composition of the ice mantle of monomers; although the effects of
R and Ragg on the tensile strength would be more important than the effect of
chemical composition.

The compressive strength Pt also depends on the chemical composition.
The dependence of Pt on γ and Y∗ is Pt ∼ γ4/3Y∗−1/3 (see Eqs. 7.10 and 7.13)
when the filling factor is lower than φ < 0.2. The reduced Young’s modulus of
CO2 ice is ∼ 10 GPa (Musiolik et al., 2016a), which is close to that of H2O
ice (Wada et al., 2007) and organics below the glass transition temperature
(∼ 300 K; Yu et al., 2018). Then the compressive strength might also change
only an order of magnitude by the chemical composition of the ice mantle of
monomers.

7.4 Thermal properties

7.4.1 Thermal conductivity

The thermal conductivity of homogeneous dust aggregates, k, is given by the
sum of three terms:

k = ksol + krad + kgas, (7.25)

where ksol is the thermal conductivity through the solid network, krad is he
thermal conductivity owing to radiative transfer, and kgas is the thermal con-
ductivity due to gas diffusion. However, the effect of kgas is negligible for the
case of airless bodies (see Appendix 7.A), and we only consider ksol and krad in
this study.

Thermal conductivity through the solid network

Arakawa et al. (2017) found that the thermal conductivity through the solid
network ksol is given by

ksol = 2kmat
ac

R
f (φ), (7.26)

where f (φ) is the dimensionless function of φ, and kmat is the material thermal
conductivity. The dimensionless function and f (φ) is thought to be a function
of the filling factor φ and the average coordination number Z, and Z is also
dependent on φ. The numerical simulations by Arakawa et al. (2019c) revealed
that f (φ) and Z are given by

f (φ) = 0.784φ1.99
(

Z
2

)0.556
, (7.27)
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and
Z = 2 + 9.38φ1.62. (7.28)

Heat flows through the monomer-monomer contacts, and the heat conduc-
tance at the contact determines the heat flow within two monomers. A con-
tact between two monomers disturbs the temperature profiles inside the grains
only in a spatial scale of ac, as in the case of stress distribution described in Sec-
tion 7.2.2 (see also Gusarov et al., 2003). For the case of OMG aggregates, the
material thermal conductivity of organic mantle, korg, determines the thermal
conductivity through the solid network when ac < Δ is satisfied.

Thermal properties of organic polymers are in general dependent of the
temperature, T. We assume that the thermal conductivity of organic mantle is
the same as that of polymethyl methacrylate (see Figure 7.16):

1
korg

=

√(
korg,1

(
T

100 K

)αorg,1
)−2

+

(
korg,2

(
T

100 K

)αorg,2
)−2

, (7.29)

where korg,1 = 0.173 W K−1 m−1, αorg,1 = 0.227, korg,2 = 0.458 W K−1 m−1, and
αorg,2 = 1.21 are the fitting coefficients. We note that the thermal conductivity
of organic matter is lower than those of refractory minerals and H2O ice (see
Appendix 7.B).

7.4.2 Thermal conductivity owing to radiative transfer

The thermal conductivity owing to radiative transfer is given by

krad =
16
3

σSBT3lp, (7.30)

where σSB is the Stefan-Boltzmann constant and lp is the mean free path of
photons. We evaluate the mean free path of photons as follows (e.g., Gundlach
and Blum, 2012):

lp =
1 − φ

κRρmatφ
. (7.31)

The Rosseland mean opacity, κR, is defined as

1
κR

=

∫
dν κeff

−1(∂Bν/∂T)∫
dν (∂Bν/∂T)

, (7.32)

where Bν is the Plank function. Here, we introduce the effective absorption
coefficient κeff defined as (e.g., Rybicki and Lightman, 1979)

κeff ≡
√

κabs(κabs + κsca), (7.33)

where κabs is the absorption opacity and κsca is the scattering opacity.
We calculate κabs and κsca of constituting spherical monomers with Mie the-

ory (Bohren and Huffman, 1983) using a publicly available code LX-MIE (Kitz-
mann and Heng, 2018). The code is optimized to calculate the opacity of large
particles and thus suitable for this study that examines a wide parameter space
to large monomer sizes. The refractive index of OMGs is calculated by the ef-
fective medium theory with the Bruggeman mixing rule (Bruggeman, 1935),
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Figure 7.9: Effective refractive index assumed in this study. The horizontal axis is the
wavelength. The blue and red lines show the real and imaginary parts of the calculated
refractive index (see text).

where the effective dielectric function εeff is given by (see e.g., Lee et al., 2015;
Helling et al., 2019, for applications to exoplanetary clouds)

χorg
εorg − εeff

εorg + 2εeff
+ χsil

εsil − εeff
εsil + 2εeff

= 0. (7.34)

Here, εorg and εsil are the dielectric function of organic and silicate materials.
Note that the dielectric function is written as ε = m2, where m = n + ik is the
complex refractive index. To obtain the effective refractive index of OMGs, we
solve Equation (7.34) with the Newton-Raphson iteration using the refractive
index of astronomical silicate (Draine, 2003) and tholin (Khare et al., 1984) for
cometary organics. The optical property of tholin reasonably explains the low
reflectivity of 67P/C–G (Stern et al., 2015b). Figure 7.9 shows the calculated
effective refractive index of OMGs. We calculate the Rosseland mean opacity
integrating Equation (7.32) from λ = 0.1 μm to 1000 μm. The obtained Rosse-
land mean opacity is shown in Figure 7.10 as a function of temperature for
various monomer sizes.

Here we note that the heat transfer within constituting aggregates is domi-
nated by the heat conduction through the solid network. Figure 7.11 shows the
contribution of ksol on the total thermal conductivity k = ksol + krad inside the
homogeneous aggregates. From our calculations, ksol/k � 0.9 for the case of
R � 1 μm and φ � 0.2.

In contrast, the thermal conductivity of hierarchical aggregates is domi-
nated by radiative transfer within inter-aggregate voids (e.g., Gundlach and
Blum, 2012). The thermal conductivity of hierarchical aggregates, khie, is given
by

khie =
16
3

σSBT3lp,hie, (7.35)

where lp,hie is the mean free path of photons within the inter-aggregate struc-
ture of hierarchical aggregates. Since Ragg is orders of magnitude larger than
the thermal radiation wavelength (λth = 30 μm at T = 100 K), the mean free
path lp,hie is given by geometric optical approximation (Skorov et al., 2011;
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Figure 7.10: The Rosseland mean opacity of OMGs as a function of the temperature and
monomer radius.

Gundlach and Blum, 2012):

lp,hie =
1 − φp

(σhie/Vhie)φp
=

4
3

1 − φp

φp
Ragg, (7.36)

where σhie = πRagg
2 and Vhie = (4π/3)Ragg

3 are the cross section and volume
of a constituting aggregate, respectively. Assuming that φp = 0.64, we obtain
khie as a function of T and Ragg:

khie = 2.3 × 10−4
(

T
100 K

)3( Ragg

1 mm

)
W K−1 m−1. (7.37)

7.4.3 Diurnal thermal skin depth

The diurnal thermal skin depth ds is the e-folding depth of the diurnal variation
of temperature, and the definition is

ds =

√
kProt

πcheatρmatφ
, (7.38)

where Prot = 12.4 h is the rotation period of comet 67P/C–G (e.g., Jorda et al.,
2016) and cheat is the specific heat of OMGs. The specific heat of OMGs is given
by

cheat = forgcorg + fsilcsil, (7.39)

where corg and csil are the specific heat of organic materials and silicates, re-
spectively.

We assume that the specific heat of organic mantle corg is the same as that
of polymethyl methacrylate (see Figure 7.18):

1
corg

=

√√√√(corg,1

(
T

100 K

)βorg,1
)−2

+

(
corg,2

(
T

100 K

)βorg,2
)−2

, (7.40)
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Figure 7.11: The contribution of solid thermal conductivity ksol on the total thermal con-
ductivity within homogeneous aggregates k, as a function of monomer particle radius
R and the filling factor φ. (a) For the case that the monomer radius is R = 0.1 μm. (b)
For the case that the monomer radius is R = 1 μm. (c) For the case that the monomer
radius is R = 10 μm.
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where corg,1 = 556 J K−1 kg−1, βorg,1 = 0.829, corg,2 = 4890 J K−1 kg−1, and
βorg,2 = 2.59 are the fitting coefficients. We also use the specific heat of amor-
phous SiO2 for csil (see Figure 7.18):

1
csil

=

√√√√(csil,1

(
T

100 K

)βsil,1
)−2

+

(
csil,2

(
T

100 K

)βsil,2
)−2

, (7.41)

where csil,1 = 771 J K−1 kg−1, βsil,1 = 0.197, csil,2 = 281 J K−1 kg−1, and
βsil,2 = 1.30 are the fitting coefficients.

Figure 7.12 shows the diurnal thermal skin depth of homogeneous dust ag-
gregates, ds, as a function of monomer particle radius R and the filling factor
φ. We found that ds � 1 cm for 0.1 μm � R � 1 μm and 0.1 � φ � 0.5.
This indicates that the diurnal temperature variation reflects the thermophysi-
cal property of constituent aggregates when the aggregate radius Ragg is larger
than 1 cm. On the other hand, if Ragg � 1 cm, then the diurnal tempera-
ture variation reflects the radiative transfer process within the inter-aggregate
structure (e.g., Gundlach and Blum, 2012; Blum et al., 2017).

7.4.4 Thermal inertia

The diurnal temperature variation is inversely proportional to the thermal in-
ertia I. The definition of I is

I =
√

kcheatρmatφ. (7.42)

Figure 7.13 shows the thermal inertia of homogeneous dust aggregates, I, as a
function of monomer particle radius R and the filling factor φ. In the following
section, we discuss the size of constituting aggregates of comet 67P/C–G using
the temperature dependence of the thermal inertia.

7.5 Thermal inertia of comet 67P/C–G and its inter-

pretation

7.5.1 Observational data

The thermal inertia of the surface of comet 67P/C–G is measured in various
temperatures. Marshall et al. (2018) developed a thermal model of the surface
and subsurface of the nucleus, and their methods are applied to brightness
temperature measurements at wavelength of mm and sub-mm obtained by the
Microwave Instrument for the Rosetta Orbiter, MIRO. The observations were
done in September 2014, and the typical temperature of observed regions is
150–200 K, and the diurnal temperature variation is consistent with the thermal
inertia of I = 40–160 J m−2 K−1 s−1/2.

Spohn et al. (2015) measured the temperature variation at the Philae landing
site in November 2014. The landing site of the Rosetta’s lander, Abydos, is sur-
rounded by huge rocks, thus the illumination period is only 40 minutes per day
(12.4 hours; Spohn et al., 2015). The temperature of Abydos was 90–130 K, and
the diurnal temperature variation indicates that I = 85 ± 35 J m−2 K−1 s−1/2.
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Figure 7.12: The thermal skin depth of homogeneous aggregates ds as a function of
monomer particle radius R and the filling factor φ (a) For the case that the monomer
radius is R = 0.1 μm. (b) For the case that the monomer radius is R = 1 μm. (c) For the
case that the monomer radius is R = 10 μm.
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Figure 7.13: Thermal inertia of homogeneous aggregates I as a function of monomer
particle radius R and the filling factor φ. (a) For the case that the monomer radius is
R = 0.1 μm. (b) For the case that the monomer radius is R = 1 μm. (c) For the case that
the monomer radius is R = 10 μm.
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Figure 7.14: Thermal inertia of the surface of comet 67P/C–G, I, as a function of the
temperature T. Marshall et al. (2018, orange) reported the estimates of the thermal in-
ertia measured by MIRO in September 2014. The typical temperature at the observed
regions is in the range of 150–200 K. Spohn et al. (2015, magenta) observed the tem-
perature at the Philae landing site in November 2014. The diurnal temperature to vary
between 90–130 K. Choukroun et al. (2015, blue) observed the long-lasting polar night
region during the period August to October 2014 using MIRO. The subsurface temper-
atures are in the range of 25–50 K.

Choukroun et al. (2015) observed the long-lasting polar night region of
comet 67P/C–G during the period from August to October 2014 using MIRO.
The subsurface temperatures in the range of 25–50 K were observed and the
thermal model calculations suggest that the thermal inertia at the polar night
region is in the range of I = 10–60 J m−2 K−1 s−1/2. Figure 7.14 is the summary
of estimates of I in various (sub)surface temperature.

7.5.2 Thermal inertia of hierarchical aggregates

The mechanical strength of the nucleus of the comet suggests that the comet
is likely to be a hierarchical aggregate. In this section, we discuss the size of
constituting aggregates using the observational data of the thermal inertia.

Here we consider the thermal inertia of hierarchical aggregates. When the
diurnal thermal skin depth is comparable to or larger than the aggregate ra-
dius, Ragg � ds, the diurnal temperature variation reflects the thermal inertia
of constituting aggregates:

I =
√

kaggcheatρmatφagg, (7.43)

where kagg is the thermal conductivity of constituting aggregates. Assum-
ing φagg = 0.4 and R = 0.1 μm, the thermal inertia is in the range of
I = 15–64 J m−2 K−1 s−1/2 when the temperature is 50 K < T < 200 K (see
Figure 7.13). This is good agreement with observations.

On the other hand, when Ragg � ds, the diurnal temperature variation is
determined by the radiative transfer within the inter-aggregate structure, and
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Figure 7.15: Thermal inertia of hierarchical aggregates Ihie for the case of Ragg � ds.
In this case, the diurnal temperature variation is determined by the radiative transfer
within the inter-aggregate structure, and Ihie is given by Eq. (7.44).

the thermal inertia of hierarchical aggregates, Ihie, is given by

Ihie =
√

khiecheatρmatφ. (7.44)

Figure 7.15 shows the thermal inertia of hierarchical aggregates Ihie for the case
of Ragg � ds. The thermal inertia of hierarchical aggregates Ihie is approxi-
mately proportional to the square of the temperature T, however, observations
suggest that the temperature dependence of the thermal inertia would be weak
(see Figure 7.14). The expected thermal inertia at T < 100 K from Equation
(7.44) is also inconsistent with the observational data. We therefore conclude
that the thermal inertia of comet 67P/C–G reflects the thermal inertia of con-
stituting aggregates.

7.5.3 High thermal inertia at the Philae landing site Abydos

Rosetta released the Philae lander onto the comet’s surface in November 2014.
The temperature of the landing site, Abydos, is low enough to maintain H2O
ice near its surface layer, because this site is surrounded by cliffs. As shown in
Figure 7.14, the thermal inertia at Abydos seems to be higher than that of other
regions. Here we discuss the effect of large thermal conductivity and specific
heat of H2O ice on the thermal inertia at the site.

The thermal conductivity and the specific heat of crystalline H2O ice, kH2O
and cH2O, are given by (Haruyama et al., 1993)

kH2O = 5.67
(

T
100 K

)−1
W K−1 m−1, (7.45)

and

cH2O = 8.9 × 102
(

T
100 K

)
J K−1 kg−1. (7.46)

The mechanical properties of H2O ice grains are γH2O = 100 mJ m−2, YH2O =

7 GPa, νH2O = 0.25, and ρH2O = 1000 kg m−3 (Wada et al., 2007). Then the
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Aggregate structure Homogeneous aggregate Hierarchical aggregate Consolidated
φ(d) = const. Pc(φ) = P(d) Ragg � 1 cm Ragg � 1 mm material

Tensile strength × ? � � ×
Compressive strength � × ? � �

Thermal inertia � × � × ?

Table 7.1: Summary of the observational constraints on the aggregate structure of comet
67P/C–G. The red crosses are the critical disagreements of theoretical prediction and
observational constraint we focused on.

contact radius of two sticking icy monomers is

ac,H2O = 0.057
(

R
1 μm

)−1/3
R, (7.47)

The thermal conductivity of icy dust aggregates is approximately given by the
thermal conductivity through the solid network:

ksol,H2O � 2kH2O
ac

R
φ2

� 5.9 × 10−2
(

φ

0.3

)2( T
100 K

)−1
W K−1 m−1, (7.48)

and the thermal inertia of dust aggregates constituted of crystalline H2O ice
monomers is

IH2O � 1.25 × 102
(

φ

0.3

)3/2
J m−2 K−1 s−1/2. (7.49)

Thus the thermal inertia of ∼ 102 (φ/0.3)3/2 J m−2 K−1 s−1/2 at the Philae
landing site could be explained by the effect of H2O ice.

7.6 Summary of mechanical and thermal con-

straints

Table 7.1 is the summary of the observational constraints on the aggregate
structure of comet 67P/C–G. We considered three possibility for the structure
of the comet: homogeneous aggregate, hierarchical aggregate, and consoli-
dated material. For the case of homogeneous aggregate model, we also con-
sider two possibility: the filling factor profile in the depth direction is uniform,
φ(d) = const., or the filling factor is determined by the equation Pc(φ) = P(d).
If the comet is homogeneous aggregate and φ(d) = const., the tensile strength
at the surface and at the 10–100 m-scale is several orders of magnitude higher
than the observational estimates (see Figures 7.3 and 7.8a). If the filling factor
profile is given by Pc(φ) = P(d), the observed compressive strength at 0.1–1
m-scale (Pc 
 1 Pa) cannot be reproduced. Thus the homogeneous aggregate
model is not suitable for the aggregate structure of comet 67P/C–G.

The consolidated material model (i.e., comets are well-sintered rocks-ice
mixtures) is also inconsistent with the observational constraints. The tensile
strength of consolidated materials increases with decreasing the spatial scale
(Weibull, 1951; Petrovic, 2003; Xu, 2005). However, the observational results of
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Rosetta indicate that the tensile strength increases with increasing the spatial
scale (see Figure 7.8a). Thus we conclude that comet 67P/C–G is not a consoli-
dated rocks-ice mixture.

The hierarchical aggregate model explains the weak tensile strength and
moderate compressive strength of the comet (e.g., Blum et al., 2017, and ref-
erences therein). We modified the tensile strength model (Section 7.2.5) based
on the results from recent numerical and theoretical studies (Tatsuuma et al.,
2019; Arakawa et al., 2019b). The compressive strength may also be consistent
with observational results, although both theoretical and experimental studies
on the compressive strength of hierarchical aggregates are still limited. Thus
we should reveal the dependence on the monomer and aggregate radii of the
compressive strength in the future.

The thermal conductivity of dust aggregates are studied by our previous
studies (Arakawa et al., 2017, 2019b,c). Using the result of Arakawa et al.
(2019c), we calculated the thermal skin depth of the surface dust layer of comet
67P/C–G. We found that the diurnal thermal skin depth is ds � 1 cm. There-
fore, the thermal inertia I is given by that of constituting aggregates when
the aggregate radius is comparable to or larger than the thermal skin depth,
Ragg � 1 cm. The calculated thermal inertia is consistent with the observations
in the wide temperature range when the filling factor of constituting aggregates
is φagg ∼ 0.4 (e.g., Weidling et al., 2009). On the other hand, if the aggregate ra-
dius is significantly smaller than the thermal skin depth, Ragg � 1 cm, the ther-
mal inertia of hierarchical aggregates is determined by the radiative transfer in
inter-aggregate voids (see Eq. 7.44). In this case, however, we cannot explain
the thermal inertia in low-temperature regions (see Figure 7.14). Therefore, the
hierarchical aggregate of cm- or dm-sized constituting aggregates is the only
solution to explain both the mechanical and thermal properties of the comet
simultaneously.

7.7 Other constraints on the size of constituent ag-

gregates

Note that our conclusion is consistent with the constraint on the physical ho-
mogeneity of comet 67P/C–G (Kofman et al., 2015; Pätzold et al., 2016). Kof-
man et al. (2015) investigated radiowave transmission measurements of the
interior of the comet. From the propagation time and form of the signals,
they found that the interior is fairly homogeneous on a spatial scale of 10 m.
The gravity field observations also support that the nucleus is homogeneous
in density down to scales of meters (Pätzold et al., 2016). Moreover, the size-
frequency distribution of dust aggregates emitted from the nucleus (see Fig-
ure 7 of Blum et al., 2017) suggests that the constituting aggregates of comet
67P/C–G would be cm- to dm-sized aggregates.

Gundlach et al. (2015) estimated the maximum radius of constituent aggre-
gates which can be released from the cometary surface, Ragg,max. The ejected
aggregates are lifted up by the gas-friction force, Fgas, and Fgas must overcome
the gravitational force, Fgrav. The gas-friction force at the cometary surface is
approximately given by

Fgas = πRagg
2 pgas, (7.50)
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Constraint on Ragg Evidence Reference
Ragg > 1 mm Tensile strength at the cometary surface This study
Ragg > 1 cm Thermal inertia at low temperature regions This study
Ragg < 10 m Radiowave transmission measurement Kofman et al. (2015)

1 cm < Ragg < 1 m Size distribution of the emitted dust aggregates Blum et al. (2017)
Ragg < 0.3 m (at ∼ 2 au) Largest aggregates which can ejected from the comet Gundlach et al. (2015)

Table 7.2: Summary of the constraints on the size of constituent aggregates.

where pgas is the gas pressure at the ice sublimation interface. The gravitational
force is

Fgrav =
GMaggm67P

r67P
2 , (7.51)

where Magg = (4π/3)Ragg
3ρagg and m67P = (4π/3)r67P

3ρ67P are the mass
of constituent aggregates and comet 67P/C–G. The density of aggregates is
ρagg = ρmatφagg and the density of comet 67P/C–G is ρ67P. Then the maximum
radius of constituent aggregates Ragg,max is given by (Gundlach et al., 2015)

Ragg,max =
9pgas

16πGρaggρ67Pr67P
. (7.52)

Gundlach et al. (2015) also derived a simple analytic formula of the gas
pressure at the ice sublimation interface:

pgas = (1 − A)
S�(D67P/1 au)−2

Λ

√
2πkBTice

mg
, (7.53)

where A is the Bond albedo of the cometary surface, S� = 1.37× 103 W m−2 is
the solar constant, D67P is the heliocentric distance of the comet, Λ is the latent
heat of sublimation, and Tice is the temperature of the evaporating ice.

The maximum radius of constituent aggregates is Ragg,max ∼
1 (D67P/1 au)−2 m for both H2O and CO2 activities (see Figure 3 of Gundlach
et al., 2015). The estimated value is consistent with the size-frequency distri-
bution of dust aggregates emitted from the nucleus. Table 7.2 is the summary
of the constraints on the size of constituent aggregates.

7.8 Mass loss and thermal alteration near the

cometary surface

In this section, we briefly discuss the effect of mass loss and thermal evolu-
tion of the cometary nucleus. The mass of the nucleus of the comet changed
during the Rosetta mission (from 2014 to 2016), and the lost mass is Δm67P =
(1.0 ± 0.3)× 10−3m67P (Pätzold et al., 2019). The radius of the comet is ∼ 1 km,
then the equivalent depth of the lost dust layer is ∼ 30 cm. This depth is com-
parable to the thermal skin depth for seasonal temperature variation (see, e.g.,
Guilbert-Lepoutre et al., 2016). Therefore, whether the cometary surface we see
is thermally altered or not is still controversial.

Most of the mass loss occurred near the perihelion (∼ 1.3 au, Pätzold et al.,
2019). Comet 67P/C–G has a chaotic orbit and the perihelion distance was

126



7.9 Comparison with previous works 127

larger than 2 au before the recent close encounter with Jupiter in 1959 (Maquet,
2015). This suggests that the comet experienced the approaching to the sun
within 1.5 au less than ten times since its birth. Therefore the cumulative depth
of the lost dust layer is only a few meters, and the global shape of the comet
hardly changed by the mass loss.

7.9 Comparison with previous works

Previous works on the dust structure of comets (e.g., Skorov and Blum, 2012;
Blum et al., 2014; Gundlach et al., 2015; Blum et al., 2017) already proposed the
hierarchical dust aggregate model. The main differences between our model
and their original model are the equation of tensile strength (Eq. 7.18 in our
model) and how observed thermal inertia is determined.

In our model, the tensile strength of uncompressed hierarchical aggregates
is 6.3× 10−3 (R/1 μm)(Ragg/1 cm)−2 Pa, which is based on the critical pulling
force for uncompressed sticking aggregates (see Eq. 7.18). On the other hand,
Skorov and Blum (2012) and Blum et al. (2017) estimated the tensile strength of
hierarchical aggregates using the effective surface energy model:

(Pt,hie)ESE = 0.21
(

Ragg

1 cm

)−2/3
Pa. (7.54)

Note, however, that the effective surface energy model used in previous works
may lack validity (see Figure 7.5) and their model would overestimate the ten-
sile strength of hierarchical aggregates composed of cm- or dm-sized aggre-
gates.

The thermal inertia reflects the thermophysical property of constituting ag-
gregates in our model because the diurnal thermal skin depth ds is smaller
than the aggregate radius Ragg. On the other hand, in the model proposed by
Blum et al. (2017), the thermal inertia of comet 67P/C–G is determined by the
inter-aggregate radiation and the diurnal thermal skin depth is larger than the
aggregate radius. Both models can explain the observed thermal inertia at the
regions where the temperature is higher than 100 K; however, the thermal in-
ertia of low-temperature (T � 100 K) can only be reproduced by our model
(see Figures 7.13 and 7.15).

Previous works (e.g., Skorov and Blum, 2012; Blum et al., 2014; Gundlach
et al., 2015; Blum et al., 2017) calculated the temperature and gas pressure at the
depth where ice molecules sublimate, and they discussed how comets would
be active. They also gave upper and lower limits of the aggregate radius. We
borrowed their estimate of the gas pressure to evaluate the tensile strength at
the cometary surface and we did not calculate the gas pressure in this study.
Although Blum et al. (2014) showed that the maximum gas pressure hardly
depends on the aggregate radius, the thermophysical properties of dust aggre-
gates assumed in this study are different from that of their previous works. We
will check whether the vertical structures under the cometary surface strongly
depend on the aggregate model or not in future.
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7.10 Conclusion

In conclusion, the mechanical and thermal properties of nucleus of comet
67P/C–G is consistent with the hypothesis that cometary nuclei were hierar-
chical aggregates of cm- or dm-sized compressed aggregates. This scenario is
previously proposed by Blum et al. (2017), and the scenario is also consistent
with the activity of comet 67P/C–G (e.g., Skorov and Blum, 2012; Gundlach
et al., 2015; Fulle et al., 2019). Our key findings are summarized as follows.

1. We theoretically derived the tensile strength of uncompressed hierarchi-
cal aggregates, and our result is consistent with previous experiments
(Brisset et al., 2016; Blum et al., 2014). The obtained tensile strength is
low enough to explain the dust activity of comet 67P/C–G driven by sub-
limation of H2O, CO, and CO2 ices (e.g., Gundlach et al., 2015).

2. The compressive strength would also be consistent with the hypothe-
sis that comets were formed via accretion of compressed aggregates, al-
though further studies on the compressive strength of hierarchical aggre-
gates and construction of a theoretical explanation are needed.

3. The thermal skin depth of the surface dust layer on comet 67P/C–G is
approximately 1 cm. Thus the thermal inertia estimated from observa-
tions reflects the thermal properties of constituting aggregates when the
aggregate radius is larger than the thermal skin depth. We found that the
thermal inertia calculated from the thermal conductivity of constituting
aggregates is consistent with Rosetta observations in the wide tempera-
ture range. In contrast, if the inter-aggregate radiative transfer controls
the thermal inertia, we cannot reproduce the observed thermal inertia in
low-temperature regions.

4. Therefore, we conclude that the nucleus of comet 67P/C–G is a hierar-
chical aggregate of cm- or dm-sized compressed aggregates. Our model
explains both mechanical and thermal properties of the comet and sug-
gests that comets might form through the gravitational collapse of dust
clumps in the solar nebula (e.g., Johansen and Youdin, 2007). The dust
compression mechanism in the disk is unknown, but the collisional com-
pression near the bouncing barrier (e.g., Weidling et al., 2009) may be the
key.
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Appendix

7.A Thermal conductivity due to gas diffusion

In the free molecular flow limit, the thermal conductivity due to gas diffusion,
kgas, is given by

kgas = hglg, (7.55)
where hg is the heat transfer coefficient and lg is the length of monomer-
monomer voids. The heat transfer coefficient is (Gusarov and Kovalev, 2009)

hg =
1
8

κ + 1
κ − 1

Pgasvth

T
, (7.56)

where κ = 4/3 is the specific heat ratio of H2O gas molecules, Pgas is the gas
pressure, and vth is the mean molecular velocity, given by

vth =

√
8kBT
πmg

= 485
(

T
200 K

)1/2
m s−1, (7.57)

where mg = 18 × (1.66 × 10−27) kg is the molecular mass of H2O. The length
of monomer-monomer voids is given by (Skorov et al., 2011; Gundlach and
Blum, 2012)

lg =
4
3

1 − φ

φ
R. (7.58)

When we assume φ = 0.4 and R = 0.1 μm, the thermal conductivity due to gas
diffusion is

kgas = 4.2 × 10−8
(

Pgas

0.1 Pa

)(
T

200 K

)−1/2
W K−1 m−1, (7.59)

and this kgas is orders of magnitude lower than ksol and krad.

7.B Thermal properties of matter

7.B.1 Thermal conductivity

Cahill and Pohl (1987) measured the thermal conductivity of amorphous poly-
methyl methacrylate from 30 K to 300 K, and we obtained a fitting equation
(Eq. 7.29). Cahill (1990) measured the thermal conductivity of amorphous SiO2
from 30 K to 750 K, and the fitting equation is,

1
ksil

=

√(
ksil,1

(
T

100 K

)αsil,1
)−2

+

(
ksil,2

(
T

100 K

)αsil,2
)−2

, (7.60)

where ksil,1 = 1.02 W K−1 m−1, αsil,1 = 0.283, ksil,2 = 0.889 W K−1 m−1, and
αsil,2 = 1.28 are the fitting coefficients. Figure 7.16 shows the temperature de-
pendence of material thermal conductivity.

Thermal conductivities of other amorphous organic polymers are shown
in Figure 2 of Kommandur and Yee (2017) (see Figure 7.17). The measured
thermal conductivity around 100 K is in general 0.1–0.3 W K−1 m−1 and the
thermal conductivity of organic polymers can be represented by that of poly-
methyl methacrylate.
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Figure 7.16: Thermal conductivity of amorphous polymethyl methacrylate (korg), amor-
phous SiO2 (ksil), and crystalline H2O ice (kH2O). Filled circles and squares are experi-
mental data and dashed lines are fitting equations.

Figure 7.17: Thermal conductivities of amorphous organic polymers. (Figure taken
from Figure 2 of Kommandur and Yee, 2017)
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Figure 7.18: Specific heat of amorphous polymethyl methacrylate (corg), amorphous
SiO2 (csil), and crystalline H2O ice (cH2O). Filled circles and squares are experimental
data and dashed lines are fitting equations. The solid line is the specific heat of OMGs,
cheat = forgcorg + fsilcsil.

Figure 7.19: Molar specific heat of amorphous organic polymers. (Upper panel) For the
case of polymethacrylates (Figure taken from Gaur et al., 1982). The formula weight of
methyl methacrylate is 100.12. (Lower panel) For the case of polystyrene (Figure taken
from Gaur and Wunderlich, 1982). The formula weight of styrene is 104.15.

7.B.2 Specific heat

The specific heat of polymethyl methacrylate and amorphous SiO2 are reported
by Gaur et al. (1982) (from 0.2 K to 378 K) and Lord and Morrow (1957) (from
10 K to 900 K), and we derived empirical equations of corg and csil (see Eqs.
7.40 and 7.41, respectively). Figure 7.18 shows the temperature dependence of
specific heats.

The molar specific heat of numerous amorphous organic polymers are re-
ported (see Figure 7.19). The measured specific heat around 100 K is in general
∼ 500 J K−1 kg−1 and the specific heat of organic polymers can be represented
by that of polymethyl methacrylate.
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Chapter 8
Early formation of moons
around large trans-Neptunian
objects via giant impacts

Sota Arakawa, Ryuki Hyodo, and Hidenori Genda
Nature Astronomy 3, 802–807 (2019).

Abstract

Recent studies have revealed that all large (over 1000 km in diameter) trans-
Neptunian objects (TNOs) form satellite systems. Although the largest Plu-
tonian satellite, Charon, is thought to be an intact fragment of an impactor
directly formed via a giant impact, whether giant impacts can explain the vari-
ations in secondary-to-primary mass ratios and spin/orbital periods among all
large TNOs remains to be determined. Here we find that hydrodynamic simu-
lations of giant impacts can reproduce the secondary-to-primary mass ratio of
the satellite systems of large TNOs when the impact velocity is approximately
the same as the escape velocity. We also reveal that the satellite systems’ current
distribution of spin/orbital periods and small eccentricity can be most easily
explained when their spins and orbits tidally evolve, initially as fluid-like bod-
ies, and finally as rigid bodies. The preferred duration of fluid-like behavior
is ∼ 104–106 years, although it depends on the secondary-to-primary mass ra-
tio and the initial orbital elements. These results suggest that all satellites of
large TNOs were formed via giant impacts before the outward migration of
Neptune, and that they were fully or partially molten during the giant impact
era.

8.1 Giant impact simulations

Six known TNOs have diameters larger than 1000 km, with secondary-to-
primary mass ratio, γsp, varying from ∼ 10−1 to 10−3 (e.g., Parker et al., 2016;
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Kiss et al., 2017, see Supplementary Table 8.1). In our simulations, we con-
sider two scenarios for satellite formation via giant impact: (1) accretion from
an impact-generated debris disk, forming what we call hereafter “disk-origin
moons”, or (2) direct formation from the largest intact fragment(s) of the im-
pactor (“intact moons”).

Here, we use standard smoothed particle hydrodynamics (SPH) methods to
simulate the giant impacts, and calculated the subsequent tidal evolutions for
the satellites formed. We performed 434 runs for 1000 km-sized planetary bod-
ies (see Methods), of which 141 resulted in the intact moon formation. Figure
8.1 shows an example result of a giant impact between differentiated bodies
that forms a large intact moon. The impactor and target separated after the
first oblique impact (Fig. 8.1a), but they were gravitationally bound. During
the second impact, the smaller impactor received an angular momentum, and
transferred its mass to the larger target (Fig. 8.1b). A small fragment of the im-
pactor was then ejected because of its high specific angular momentum (Fig.
8.1c), leading finally to the formation of a single intact moon with γsp = 0.13
(Fig. 8.1d).

The collisional outcome strongly depends on θimp and vimp, resulting in the
formation of either an intact moon with or without a rocky core (Fig. 8.1 or
Supplementary Fig. 8.S1), a disk without an intact moon (Supplementary Fig.
8.S2), or a hit-and-run collision (Supplementary Fig. 8.S3). For giant impacts
between two differentiated bodies with Mtar = 4 × 1021 kg and Mimp = 2 ×
1021 kg, large intact moons with γsp values higher than 10−1 are formed when
θimp = 75◦ and vimp = 1.05vesc. Smaller intact moons with 10−3 < γsp < 10−1

were formed in wide parameter space in θimp–vimp (Fig. 8.2a). We found that
when the typical vimp was � 1.1vesc, the probability of an intact moon being
formed for a single giant impact reached 50%, and γsp ranged from 10−3 to
10−1, approximately consistent with the observed γsp ranges of the satellite
systems of large TNOs.

Similarly, for the case of giant impacts with two undifferentiated icy bodies
(with Mtar = 4 × 1021 kg and Mimp = 2 × 1021 kg), large intact moons with
γsp � 10−1 formed during some grazing impacts with θimp values of 60◦ or
larger. In addition, we also found that intact moons with 10−3 < γsp < 10−1

formed via giant impacts in wide parameter space where θimp–vimp (Fig. 8.2b).
These SPH simulations agree with those of previous studies (Canup, 2005;
Sekine et al., 2017), although these previous studies focused only on the for-
mation of Charon assuming the total angular momentum of the system as that
of the current Pluto-Charon system. In contrast, we surveyed various θimp and
vimp values in this paper.

We found that intact moons were formed via giant impacts when θimp �
45◦ and vimp � 1.2vesc for both undifferentiated and differentiated cases. Sup-
plementary Figs. 8.S4a–c show the outcomes of giant impacts for different to-
tal masses, different compositions, and different impactor-to-target mass ra-
tios. In these conditions, intact moons were formed in almost all cases where
θimp � 45◦ and vimp � 1.2vesc.

The Pluto–Charon system might have formed via a giant impact between
undifferentiated or partially differentiated bodies (Canup, 2005, 2011). Actu-
ally, in our calculations, the formation probability of large intact moons with
γsp ≥ 10−1 is higher for the case of undifferentiated bodies than it is for dif-
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Figure 8.1: Snapshots of a giant impact between two differentiated bodies. Both the
target and the impactor were differentiated bodies with ice mass fractions, fice, of 0.5
(50 wt.% ice and 50 wt.% basalt). The target mass, Mtar, and the impactor mass, Mimp,
were Mtar = 4 × 1021 kg and Mimp = 2 × 1021 kg, respectively. The impact velocity,
vimp, was 1.05vesc, and the impact angle, θimp, was 75◦ (where 0◦ represents a head-on
impact). This simulation directly formed a satellite with a γsp = 0.13.
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Figure 8.2: Summary of the range of outcomes for the simulated giant impacts. (a)
outcomes for giant impacts between differentiated planetary bodies with masses of 4 ×
1021 kg and 2 × 1021 kg. Both the impactor and target were differentiated with a fice of
0.5. (b) outcomes for giant impacts between icy undifferentiated planetary bodies with
masses of 4 × 1021 kg and 2 × 1021 kg. The size (large, medium, or small) of each red
filled circle represents the mass of the intact moon (if any), and the size of each blue
open square represents the estimated mass of the disk-origin moon (the mass of the
debris disk is calculated for all simulations).
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Figure 8.2: (continued) Numbers above red filled circles (“+1” and “+2”) signify that
multiple intact moons were formed during the single impact (“+1” implies the forma-
tion of one large intact moon and another small intact moon, and “+2” imply the forma-
tion of one large intact moon and two other small intact moons). We regarded clumps
that had more than 24 particles as intact moons. The black solid lines represent the cri-
teria for hit-and-run collisions (Genda et al., 2012), and the grey curve is a fit calculated
using a cubic function. The pink-tinted region is a rough estimation of the parameter
range for intact moon formation.
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ferentiated bodies. Note, however, that the formation probability of the Pluto–
Charon analogue is non-zero even for differentiated bodies.

Assuming that the probability distribution of the impact angle, P(θimp), is
given by P

(
θimp

)
= sin

(
2θimp

)
, then statistically, half of the giant impacts had

an impact angle larger than 45◦. Typical impact velocities among large (> 1000
km in diameter) TNOs are given by

vimp �
√(

ehel
2 + ihel

2
)

vK
2 + vesc2, (8.1)

where ehel and ihel are the heliocentric eccentricity and the inclination respec-
tively, and vK and vesc are the heliocentric Kepler velocity and the escape ve-
locity of the TNOs, respectively (Canup, 2005). When ehel and ihel � 0.1
in the giant impact era, the relative velocity of large TNOs at infinity, v∞ ∼(

ehel
2 + ihel

2
)1/2

vK, will be smaller than vesc (∼ 1 km s−1 for large TNOs), and
the impact velocity will be vimp ∼ vesc. Although the current heliocentric ec-
centricities of large TNOs are much higher than 0.1 (e.g., currently ehel = 0.25
for Pluto), we note that the v∞ of large TNOs might be small during the giant
impact era. This is because ehel and ihel are smaller than 0.1 for the cold classical
TNOs, which were thought to be formed locally (Batygin et al., 2011), and large
TNOs can also be formed locally, in a similar way to the smaller cold classical
TNOs (Shannon et al., 2016).

In order to occur with reasonable frequency, giant impacts between large
TNOs must be gravitationally focused (Canup, 2005). When v∞ was smaller
than the Hill velocity, vH ∼ (MTNO/M�)1/3vK, the collision timescale was
∼ 6 Myr (MTNO and M�are the masses of the large TNO and the solar mass,
respectively; Noll et al., 2008a). If the ehel and the ihel of the TNOs were on the
order of 10−3, then they were gravitationally focused (i.e., v∞ < vH; Shannon
et al., 2016). In this case, the typical impact velocity was ∼ 1.0vesc, consistent
with the formation of intact moons via giant impacts. The small v∞ value is
also suggested in the context of the formation of trans-Neptunian binaries (Noll
et al., 2008a).

Concerning the possibility of the formation of disk-origin moons by giant
impacts (Hyodo et al., 2015), we analyzed the disk mass around the primary
at 106 seconds after the start of calculation and then estimated the mass of the
disk-origin moon using the empirical relation between disk mass (Mdisk) and
the mass of the disk-origin moons (MDM) (see Methods). As a result of this
analysis, we found that large satellites for which MDM/Mp > 10−3 (Mp is
the mass of the primary) were very rarely formed via the viscous spreading
of a debris disk, except for the case of high-speed impacts of vimp � 1.4vesc
(Figs. 8.2a, 8.2b, and Supplementary Figs. 8.S4a–c). Note that the estimated
MDM/Mp is smaller than 4 × 10−3 for all giant impacts between two differ-
entiated bodies (Supplementary Fig. 8.S5). Therefore, we cannot explain the
secondary-to-primary mass ratio of the Pluto–Charon (γsp = 0.12) and Eris–
Dysnomia (γsp = 3 × 10−2) systems if Charon and Dysnomia were formed
as disk-origin moons. This result might indicate that most of the secondaries
around large TNOs, which have γsp ranges from 10−3–10−1, are intact moons,
not disk-origin moons, although some satellite systems with low γsp values
(e.g., Quaoar–Weywot; γsp = 4 × 10−4) might have originated from impact-
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generated disks.
The fice values of satellites formed after giant impacts from differentiated

bodies showed a strong correlation with γsp (Supplementary Fig. 8.S5). The
fice values of the resulting intact moons were similar to that of the pre-impact
targets and impactors ( fice = 0.5) when γsp � 10−2. In contrast, for small
intact moons and disk-origin moons with γsp � 10−2, fice � 1. These val-
ues can be compared to observations on the density of both primary and sec-
ondary satellites for two systems (Pluto–Charon and Haumea–Hi’iaka). For
Pluto–Charon (γsp = 0.12), the bulk density of Pluto (1860 kg m−3; Stern
et al., 2015a) is similar to that of Charon (1700 kg m−3; Stern et al., 2015a),
suggesting that both Pluto and Charon have a similar fice. On the other hand,
for Haumea–Hi’iaka system (γsp = 4.5 × 10−3), the bulk density of Haumea
(1800 kg m−3; Ortiz et al., 2017) is larger than that of Hi’iaka (� 1000 kg m−3;
Ragozzine and Brown, 2009). Therefore, the secondary, Hi’iaka, is a pure icy
body, while its primary, Haumea, consists of both ice and rock. These obser-
vational constraints are consistent with the theory that both large and small
satellites around large TNOs are impact moons formed via giant impacts be-
tween differentiated bodies, although we do not reject the possibility of the
formation of intact moons from undifferentiated bodies.

During simulation of the formation of the intact moon, the periapsis dis-
tance qini was typically 3–4Rp, where Rp is the planetary radius of the primary
(Fig. 8.3). The eccentricity (eini) was distributed across all ranges, from zero
to one (Fig. 8.3). This is consistent with a previous study that simulated the
impact that formed the Pluto-Charon system (Canup, 2005). Note that we did
not consider the long-term co-evolution of the debris disk and intact moon(s),
such as the accretion of disk materials onto intact moons, tidal interaction of
the intact moon and disk, and so on. We should address these issues in the
future.

8.2 Tidal evolution of satellites’ orbits

We then performed semi-analytical tidal evolution calculations to discern
whether intact moons formed via giant impacts can evolve into satellites with
circular orbits. Tidal evolution was found to be strongly dependent on the ma-
terial states, and we found that most of the intact moons turned into eccentric
satellites when their planetary bodies always behaved as rigid bodies, while
most of all the intact moons ended up with circular orbits when their plane-
tary bodies initially had small rigidity and behaved as fluid-like bodies (see
Supplementary Section 8.S1 and Supplementary Fig. 8.S6).

Figure 8.4 shows the final spin and orbital periods of satellite systems
formed as intact moons. Among the satellites around large TNOs, only the
Pluto–Charon system is in a dual-synchronous state, i.e., the spin periods of
satellite (Pspin,s) and the primary (Pspin,p) coincide with the orbital period (Porb).

We found that the current spin and orbital periods of largest TNOs could
be well explained when assuming planetary bodies would behave as fluid-like
bodies for 104–106 years after a giant impact. If the duration of fluid-like be-
havior was 4.5 × 109 years, however, most of the satellite systems reached a
dual-synchronous state, and there were no satellites with spin and orbital pe-
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Figure 8.3: Initial distribution of periapsis distance qini and eccentricity eini of intact
moons before tidal evolution. The size (large, medium, small) of each circle represents
γsp (10−1 ≤ γsp for large circles, 10−2 ≤ γsp < 10−1 for medium-sized circles, and
10−3 ≤ γsp < 10−2 for small circles). (a) the case for differentiated bodies. (b) the case
for undifferentiated bodies.
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Figure 8.4: Final Pspin, p and Porb values. The observational data of Pspin, p and Porb
are represented by pink square markers and blue bars, respectively. The size of each
circle represents γsp as in Fig. 3. Case (a) shows the outcome of tidal evolution when
planetary bodies were fluid for the first 104 years and became rigid from 104 years to
4.5× 109 years after a giant impact. Case (b) shows the outcome of tidal evolution when
planetary bodies were fluid for the first 106 years and became rigid from 106 years to
4.5× 109 years after a giant impact. Case (c) shows the outcome of tidal evolution when
planetary bodies were fluid for the whole 4.5 × 109 year duration.
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Figure 8.4: (continued)

riods are similar to the Eris–Dysnomia or Quaoar–Weywot systems.

8.3 Discussions and conclusions

We can give some constraints on the thermal evolution of large TNOs from
these results. For the case of giant impacts with 1000 km-sized bodies, the ef-
fects of impact heating on the internal thermal state of planetary bodies are
limited (Canup, 2005). The heat generation from tidal heating can be calcu-
lated using the orbital energy of the satellite and the tidal evolution timescale
(Supplementary Section 8.S2). We found that, when satellites were initially in
solid-state, they could not heat up enough to melt, even if their semimajor axis
was as small as their Roche radius.

These results suggest that if all satellites around TNOs have a circular orbit,
they were fully or partially molten during the giant impact era. This is con-
sistent with the results of Canup (2011), which suggests that Charon and other
small satellites around Pluto were formed via giant impacts with partially dif-
ferentiated progenitors.

Experimental studies of dust aggregation (e.g., Blum and Wurm, 2008) sug-
gest that micron-sized dust grains aggregate into centimeter-size pebbles in the
gaseous solar nebula. In addition, observation of Comet 103P/Hartley (Kelley
et al., 2013) shows that its dusty coma is made up of centimeter-sized pebbles.
Therefore, kilometer-sized planetesimals with abundant centimeter-sized peb-
bles may be present at the onset of dwarf planet formation. Shannon et al.
(2016) revealed that large TNOs can be formed in situ within a period of a few
million years, from a solid belt of kilometer-sized and centimeter-sized bod-
ies. Or, when large TNOs form via accretion of pebbles onto planetesimals
in a gaseous solar nebula (e.g., Johansen et al., 2012), the accretion timescale
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must be shorter than the lifetime of the solar nebula (∼ 4 Myr: Wang et al.,
2017). In these cases, large TNOs that form within a few million years can
enter either a partially or fully molten state (Sekine et al., 2017). In addition,
when the collision timescale of gravitationally focused large TNOs is also of
the order of 10 Myr, then this implies that satellite formation around the TNOs
occurred before the outward migration of the outer planets including Neptune
(Gomes et al., 2004). This migration is related to the Late Heavy Bombardment
(∼ 700 Myr after the formation of the solar system: Gomes et al., 2005), which
is thought to have been a favorable epoch for the formation of rings and inner
regular satellites around Saturn, Uranus, and Neptune (Hyodo et al., 2017a).
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Methods

8.A Numerical code and initial settings for giant

impacts

We used the SPH method to perform giant impact simulations (e.g., Monaghan,
1992). The SPH method can easily trace large deformations and shock waves,
and has been used in many previous giant impact simulations. Our numer-
ical code is the same as that used in Genda et al. (2015) and it can calculate
a purely hydrodynamic flow with self-gravity, but without material strength.
We considered three types of pre-impact bodies; undifferentiated basaltic bod-
ies, undifferentiated icy bodies, and differentiated bodies with a basalt core
and an icy mantle. We applied the Tillotson equation of state (Tillotson, 1962),
which is widely used for giant impact simulations, to calculate the pressure
from the internal energy and the density. We note that some previous studies
assumed other materials for differentiated/undifferentiated planetary bodies.
For example, Canup (2005) used a hydrated silicate, serpentine, for the mate-
rial of undifferentiated Pluto–Charon progenitors, whereas Sekine et al. (2017)
assumed well-mixed mixtures of H2O ice and basalt as the materials of Pluto-
Charon progenitors. A detailed study on the dependence of the outcome of
collision on the material chosen should be performed in the future. For our
simulations, all SPH particles in the planetary bodies were set to have an equal
mass (m0) and the number of total particles, Ntotal = 24,000. Two impactor-to-
target mass ratios (γimp) were used in this study, 1/2 and 1/5; the numbers of
particles in the target and impactor for these ratios were 16,000 and 8,000 for
γimp = 1/2, and 20,000 and 4,000 for γimp = 1/5. The internal energy of the
SPH particles was set to 5.0× 105 J kg−1 and neither the impactor nor the target
had pre-impact spin. The method for placement of SPH particles is detailed in
Genda et al. (2012).

We prepared 434 sets of initial conditions for the giant impact simulations.
The parameters used in this study were the total mass of the target and the
impactor (Mtotal), the impactor-to-target mass ratio (γimp), composition and
differentiated state, the impact angle (θimp), and the impact velocity (vimp). We
considered two different values for the total mass, Mtotal = 6 × 1021 kg and
6 × 1022 kg. For each case, we varied θimp in 15◦ steps from 30◦ to 75◦, and the
vimp in 0.1vesc steps from 0.9vesc to 1.7vesc, above the hit-and-run criteria, where
vesc is the two-body escape velocity (Agnor and Asphaug, 2004). In order to
precisely determine the intact-moon-forming parameter space, we varied vimp
with much smaller steps (0.02vesc) below the hit-and-run criteria. The impact
parameters vimp and θimp are defined when the two planetary bodies are in
contact with each other. To prepare the initial condition, we back-calculated the
positions of the two planetary bodies until their distance from each other was
3
(

Rtar + Rimp
)

for the cases of vimp < vesc and at 10
(

Rtar + Rimp
)

for the cases
of vimp ≥ vesc, where Rtar and Rimp are the radius of the target and impactor,
respectively, assuming planetary bodies are mass points (see Fig. 1 of Genda
et al., 2012). We then performed the SPH simulations over a period of 106 s.
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8.B Resolution test

We carried out higher-resolution (480,000 particles) simulations for differenti-
ated bodies. First, we confirmed that small (i.e., 10−3 � γsp � 10−2) intact
moons are formed via giant impacts between differentiated bodies for both
lower- and higher-resolution simulations. For the case of vimp = 1.25vesc and
θimp = 30◦, the outcome of the giant impact is the formation of an intact moon
without a rocky core (γsp = 1.0× 10−2 for the lower-resolution simulation and
γsp = 3.4× 10−3 for the higher-resolution simulation). These giant impact also
generated a debris disk (Mdisk/Mp = 8.4 × 10−3 for the lower-resolution sim-
ulation and Mdisk/Mp = 1.5 × 10−2 for the higher-resolution simulation). The
integration time for the higher- and lower-resolution simulations are 5 × 105 s
and 1 × 106 s, respectively.

Second, we analyzed the time evolution of the disk mass for both lower-
and higher-resolution simulations—for the case of vimp = 1.05vesc and θimp =
30◦—resulting in the formation of a disk without an intact moon (Supplemen-
tary Figure 8.S7). The disk mass decreases with time from 7.1 × 10−2Mp at
t = 2 × 105 s to 3.6 × 10−2Mp at t = 106 s due to unphysical (numerical) vis-
cous spreading (because the physical viscous spreading timescale is 107–108 s
when Mp � 6× 1021 kg and Mdisk/Mp � 5× 10−2; Daisaka et al., 2001; Takeda
and Ida, 2001). A similar trend is also found for a higher-resolution simulation
with 480,000 particles. Although we might have underestimated the disk mass
by a factor of two, the mass of an intact moon is typically much larger than
the mass of a disk-origin moon by an order of magnitude, as long as the intact
moon is formed.

In addition, we also carried out three 240,000 particle simulations for undif-
ferentiated icy bodies. We confirmed that large (i.e., γsp � 10−1) intact moons
are formed via giant impacts between undifferentiated bodies for both lower-
and higher-resolution simulations. For the case of vimp = 1.02–1.06vesc and
θimp = 75◦, the outcome of the giant impact is the formation of an intact moon
without a debris disk. For lower-resolution simulations, γsp = 7.8 × 10−2 for
vimp = 1.02vesc, γsp = 9.4 × 10−2 for vimp = 1.04vesc, and γsp = 1.1 × 10−1

for vimp = 1.06vesc. For higher-resolution simulations, γsp = 1.2 × 10−1 for
vimp = 1.02vesc, γsp = 6.0 × 10−2 for vimp = 1.04vesc, and γsp = 1.1 × 10−1

for vimp = 1.06vesc. The integration time for the higher- and lower-resolution
simulations are 5 × 105 s and 1 × 106 s, respectively. We confirmed that intact
moons are still widely formed for both lower- and higher-resolution simula-
tions, although changing the number of total particles Ntotal may change the
outcomes slightly.

We also performed several additional calculations using the 5-phase equa-
tion of state for H2O (Senft and Stewart, 2008) adapting at Gadget-2 (Springel,
2005) used in previous work (Hyodo and Genda, 2018) with Ntotal = 300,000
(Supplementary Figure 8.S8). We confirmed that changing the resolution and
EOS may change the outcomes slightly, but intact moons are still widely
formed within the parameter range.
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8.C Analysis of the masses of planetary bodies

To obtain the masses of planetary bodies from the collision outcome data, we
used a friends-of-friends algorithm (Genda et al., 2012) to identify clumps of
SPH particles. If the distance between two particles was less than a critical
value (lFOF), we defined these particles as belonging to the same clump. lFOF

is given by lFOF =
√

3(m0/ρ0)
1/3, where m0 = Mtotal/Ntotal is the mass of

each SPH particle, and ρ0,basalt = 2700 kg m−3 and ρ0,ice = 917 kg m−3 are
the typical densities of the basaltic and icy solid bodies (Tillotson, 1962). The
value of lFOF is slightly larger than the typical distance between two nearest
SPH particles under initial conditions. The distances for all pairs of particles
were calculated and we identified clumps.

We regarded clumps that had more than 24 particles as planetary bodies.
We termed the largest planetary body the “primary”, and the second largest
body the “secondary”. There were also SPH particles that did not belong to
any planetary bodies after collision. We termed these particles isolated par-
ticles, and if isolated particles were gravitationally bound to the primary, we
identified these particles as disk particles. We calculated the disk mass (Mdisk)
from the number of disk particles (Ndisk) as Mdisk = Ndiskm0. In this study,
we did not calculate the equivalent circular orbital radius (Canup, 2004) nor
the pericenter distance of disk particles (Hyodo et al., 2017b), so the disk mass
might be slightly overestimated.

In this paper, we mainly focus on the formation of intact moons, but we
also discuss satellite formation via impact-generated disks. The dependence of
the mass of the disk-origin moon (MDM) on the disk mass (Mdisk) is given by
Hyodo et al. (2015) and references therein;

MDM = min

[
0.3

Mdisk
Mp

, 10
(

Mdisk
Mp

)2
, 2000

(
Mdisk
Mp

)3
]

, (8.2)

where Mp is the mass of the primary; although MDM might also be dependent
on the disk angular momentum in reality (Kokubo et al., 2000).

8.D Catastrophic disruption of primordal moons

and the formation of Haumean moons

Haumea has a short spin period of 3.92 hours (Rabinowitz et al., 2006), and it
has two satellites named Hi’iaka and Namaka. The masses of Haumea, Hi’iaka,
and Namaka are 4.0 × 1021 kg, 1.8 × 1019 kg, and 1.8 × 1018 kg, respectively
(Ragozzine and Brown, 2009), and the secondary-to-primary mass ratio (γsp)
of the Haumean system is ∼ 4.5 × 10−3. If these two satellites were formed
close to Haumea, their spins would be expected to have been tidally despun,
and they should therefore be rotating synchronously with their own orbital
periods. The spin period of Hi’iaka is about 120 times faster than its orbital pe-
riod (Hastings et al., 2016), however, suggesting that the two current satellites
were formed via the catastrophic disruption and re-accretion of a past moon
that was located near to the current orbits of the two satellites (Schlichting and
Sari, 2009; Ćuk et al., 2013). This mechanism has also been debated in the con-
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text of the late formation of Saturn’s midsized moons and its rings (Ćuk et al.,
2016; Hyodo and Charnoz, 2017).

In our simulations, giant impacts between differentiated bodies sometimes
formed multiple intact moons via a single impact (Fig. 8.2a). This indicates the
possibility of collision between multiple intact moons. In contrast, no multiple
intact moons were formed during simulations of single giant impacts between
undifferentiated bodies (Figs. 8.2b and Supplementary Figs. 8.S4a–c). There-
fore, the possibility of collisions between multiple intact moons does have the
potential to explain the origin of Hi’iaka and Namaka. The question of whether
multiple satellites will survive, or instead merge into single large satellite, is
beyond the scope of this study.

8.E Orbital evolution of formed satellites

Both the planet and satellite raise tides on each other. The tidal lag caused
by friction leads to angular momentum exchange, which also leads to spin
and orbital evolution. The tidal evolution of Pluto-Charon has been investi-
gated by several previous studies (Ward and Canup, 2006; Cheng et al., 2014;
Woo and Lee, 2018). In this study, we used O(e6) tidal evolution equations
(Ferraz-Mello, 2013) combined with the constant phase lag model (Goldreich
and Peale, 1966, see Supplementary Section 1 for details). Note that if we want
to calculate the tidal evolution pathways whose eccentricities are larger than
∼ 0.4, we must consider the eccentricity e for a higher order (Goldreich and
Peale, 1966). In this study, however, we only calculated tidal evolution where
the initial eccentricity was lower than 0.4.

If intact moons were rigid immediately after their formation, they most
likely turned into eccentric satellites (Supplementary Fig. 8.S6a). Even when
satellites were in a fluid-like state for the first 103 years, almost all satellites
with γsp values lower than 10−1 became eccentric (Supplementary Fig. 8.S6b).
These simulations seem to be inconsistent with observations. When the initial
eccentricity was smaller than 0.1, the orbit of an intact moon becomes circular
whether they were molten or not. However, the initial eccentricity is widely
distributed in a range from zero to unity (Fig. 8.3), and long-term eccentricity
damping by simultaneously formed debris disk would not be efficient. There-
fore, the probability of eccentricity damping might not be so high if the dura-
tion of the initial fluid-like state was shorter than 103 years. In contrast, when
the duration of the initial fluid-like state was longer than 104 years, our calcu-
lations suggested that almost all intact moons can turn into circular satellites
(Supplementary Figs. 8.S6c and d).
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Supplementary Material to Chapter 8

8.S1 The equations of tidal evolution

Tides are raised on both the primary and secondary. In this study, we used the
O(e6) tidal evolution equations1 combined with the constant phase lag model
(Goldreich and Peale, 1966). The orbit-averaged evolution of the spin rates of
the planet, Ωp, and satellite, Ωs, the semimajor axis, a, and the eccentricity, e,
are calculated from the following equations:
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Here, n is the mean motion, Mp, Ms, Rp, and Rs are the mass and radius
of primary and secondary, respectively, and Qp, Qs, k2,p, and k2,s are the dissi-
pation functions and Love numbers of the primary and the secondary, respec-
tively. These equations preserve the total angular momentum1. In this study,
we assumed Qp = Qs = 100 (Cheng et al., 2014). The Love number k2,i is given
by,

k2,i =
3
2

(
1 +

38π

3
μiRi

4

GMi
2

)−1

, (8.7)

where μi is the rigidity of body i (= p for primary and = s for secondary), and
G is the gravitational constant. We adopt a μi value of 6.5 × 1010 Pa for rigid
basalt (Peale and Cassen, 1978) and a μi value of 4 × 109 Pa for rigid ice (Hast-
ings et al., 2016). We set μi = 0 when the planetary bodies were exhibiting
fluid-like behavior, for simplicity. This treatment is used in the tidal evolu-
tion calculation of Eris-Dysnomia system (Greenberg and Barnes, 2008). The
eccentricity functions E2,i(e) are presented by Efroimsky (2012).

Note that to calculate the tidal evolution pathways with eccentricities
where e � 0.4, we must use the tidal evolution equations that consider the
higher-order effects of eccentricity (see Goldreich and Peale, 1966). In this
study, however, we only calculated tidal evolution where the initial eccentricity
was lower than 0.4.

In this study, we did not consider the effects of a dynamical tide. The dy-
namical tide can dump eccentricity efficiently when the periapsis distance is
small, however, the current dynamical tide model is not suitable for rigid plan-
etary bodies, and this is beyond the scope of this study.

When the primary rotates quickly and the secondary is in synchronous
state, i.e., Ωp 
 (3/2)n and Ωs = n, the tidal torque caused by the primary in-
creases the orbital eccentricity, while the tidal torque caused by the secondary
decreases eccentricity. In this case, the orbit-averaged variation of eccentricity
can be simplified as follows:

1
e

de
dt

=
3n
4

Ms

Mp

(
Rp

a

)5 k2,p

Qp

(
11 +O(e2)

)

−3n
4

Mp

Ms

(
Rs

a

)5 k2,s

Qs

(
25
2

+O(e2)

)
,

� 33n
4

Ms

Mp

(
Rp

a

)5 k2,p

Qp

(
1 − 25

22
A
)

, (8.8)

where:

A ≡ k2,s

k2,p

Qp

Qs

(
Mp

Ms

)2( Rs

Rp

)5
. (8.9)

The dimensionless parameter A is the relative rate of tidal dissipation in the
planet and satellite (Ward and Canup, 2006). Whether eccentricity increases
through tidal evolution can then be determined using the relative rate of tidal
dissipation in the planet and satellite; if A is larger than unity, dissipation
mainly occurs in the satellite, and eccentricity will decrease (e.g., Cheng et al.,
2014).

If we assume that the density and the dissipation function are the same for
both the primary and the secondary, the parameter A depends on ratios of the
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planetary radii (Rs/Rp) and the Love numbers (k2,s/k2,p). For rigid bodies,
the Love number of 1000 km-sized solid-like bodies is smaller than unity, and
is proportional to the square of the planetary radius. In contrast, for fluid-like
bodies (i.e., partially or fully molten bodies), the Love number is approximately
3/2, and does not depend on the planetary radius.

When the primary and the secondary are both in a rigid state, the relative
rate A is:

A ∼ Rs

Rp
< 1, (8.10)

whereas when both the primary and the secondary are in fluid-like state:

A ∼ Rp

Rs
> 1. (8.11)

We found that eccentricity will decrease when both the primary and the sec-
ondary are in a fluid-like state.

8.S2 Tidal heating on intact moons

When the primary rotates quickly and the secondary is in synchronous state,
the orbit-averaged variation of the semimajor axis can be simplified as follows:

1
a

da
dt

=
3n
2

Ms

Mp

(
Rp

a

)5 k2,p

Qp

(
2 + 27e2 +O(e4)

)

−3n
2

Mp

Ms

(
Rs

a

)5 k2,s

Qs

(
73
2

e2 +O(e4)

)
. (8.12)

Here we discuss whether satellites in solid-state can turn into fluid-like bodies
through tidal heating. When both the primary and the secondary are in a rigid
state, the semimajor axis, a, increases with the timescale, τa, which is given by:

τa =
1

3n
Mp

Ms

(
a

Rp

)5 Qp

k2,p

∼ 1 × 105
(

a/Rp

4

)13/2(Rs/Rp

0.2

)−2( Rp

500 km

)−2
year. (8.13)

The cooling timescale of a satellite due to heat conduction, τcool, is given by,

τcool =
ρcR2

s
λ

∼ 3 × 108
(

Rs

100 km

)2
year, (8.14)

where c is the specific heat (c = 1.13 × 103 J kg−1 K−1; Sekine et al., 2017)
and λ is the thermal conductivity (λ = 2.1 W K−1 m−1; Saxena et al., 2018).
In comparison with the cooling timescale and the tidal dissipation timescale,
we found that most of the thermal energy generated by tidal dissipation is
retained in both the primary and the secondary, which can increase the internal
temperature of satellites.

The increase of temperature is given by,

ΔTs ∼ ΔEs

Msc
, (8.15)
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Where ΔEs is the thermal energy generated by tidal dissipation in the satellite.
The thermal energy, ΔEs, can be estimated from ΔEs � Ėsτa, where Ės is the
heat generation in the satellite per unit time. The heat generation rate, Ės, is
given by:

Ės =
1
2

GMpMs

a
τ−1

s , (8.16)

where the energy dissipation timescale of the satellite, τe, is given by:

τe =
4

219n
1
e2

Ms

Mp

(
a

Rs

)5 Qs

k2,s
. (8.17)

The increase of the internal temperature of the satellite, ΔTs, is given by:

ΔTs � 73e2

8

(
Rs

Rp

)
GMp

ac

∼ 5
(

a/Rp

4

)−1( e
0.4

)2
(

Rs/Rp

0.2

)(
Rp

500 km

)2
K. (8.18)

Therefore, the effect of tidal dissipation is limited, and it is unlikely that satel-
lites can move into a fluid-like state through tidal heating alone.

8.S3 Rubble-pile satellites

When a small satellite is formed via accretion from an impact-generated de-
bris disk, the internal structure might be a rubble pile. Although the rigidity
of rubble-pile bodies should depend on the radius and the composition, the
rigidity of the Martian moon Phobos (∼ 11 km in radius) is estimated to be
μ ∼ 6 × 109 Pa (Yoder, 1982) and this μ value is approximately one-tenth that
of monolith rocky bodies. Then the orbit of a satellite becomes circular when
the secondary-to-primary radius ratio is much higher than 1/10. Therefore, if
some of the 100 km-sized satellites around large TNOs (e.g., Weywot, the satel-
lite around Quaoar) are rubble-pile bodies, then we can explain their circular
orbits; although large satellites such as Charon and Dysnomia might not be
rubble piles and we need to consider (partially) molten satellites in the initial
state of their tidal evolution.

8.S4 Supplementary table and figures
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Supplementary Figure 8.S1: Snapshots of a giant impact between two differentiated
bodies (as Figure 8.1). The impact velocity, vimp, was 1.05vesc, and the impact angle,
θimp, was 75◦, resulting in formation of an intact moon without a rocky core (γsp =

1.0 × 10−2).
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Supplementary Figure 8.S2: Snapshots of a giant impact between two differenti-
ated bodies (as Figure 8.1). The impact velocity, vimp, was 1.05vesc, and the im-
pact angle, θimp, was 30◦, resulting in the formation of a disk without an intact
moon (M|rmdisk/Mp = 3.6 × 10−3 and the estimated mass of the disk-origin moon is
MDM/Mp = 9.0 × 10−5).
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Supplementary Figure 8.S3: Snapshots of a giant impact between two differentiated
bodies (as Figure 8.1). The impact velocity, vimp, was 1.2vesc, and the impact angle,
θimp, was 60◦, resulting in a hit-and-run collision.
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Supplementary Figure 8.S4: Summary of the range of outcomes for giant impacts (as
Figure 8.2). (a) outcomes for giant impacts between rocky undifferentiated planetary
bodies with masses of 4 × 1021 kg and 2 × 1021 kg. (b) outcomes for giant impacts
between rocky undifferentiated planetary bodies with masses of 4 × 1022 kg and 2 ×
1022 kg. (c) outcomes for giant impacts between icy undifferentiated planetary bodies
with masses of 5 × 1021 kg and 1 × 1021 kg.
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Supplementary Figure 8.S4: (continued)

157



8.S4 Supplementary table and figures 158

Supplementary Figure 8.S4: (continued)
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Supplementary Figure 8.S5: The ice mass fraction of intact moons ( fice,IM; red circles)
vs. the secondary-to-primary mass ratio γsp. Note that, for cases where multiple intact
moons were formed, only the fice,IM of the largest intact moon is shown. We also plot
the ice mass fraction of disk-origin moons ( fice,DM; blue squares) vs. the estimated γsp
of the largest disk-origin moon. IM = intact moon, DM = disk-origin moon.
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Supplementary Figure 8.S6: Final eccentricity after 4.5 Gyr-tidal evolution (efin) for
different times taken for intact moons to become rigid bodies from fluid bodies (tfluid).
The size and color of each circle represents the γsp value and the mass and composition
of the impactor and target, as in Fig. 3 in the main text. The four cases were as follows:
(a) tfluid = 0 years, in which planetary bodies were rigid for the whole time; (b) tfluid =
103 years, in which represents that planetary bodies behaved as fluid for the first 103

years after the giant impact, before becoming rigid; (c) tfluid = 104 years; and (d) tfluid =
106 years. The tidal evolution pathways with eini values larger than ∼ 0.4 could not be
precisely calculated for the semi-analytical method that we used; a higher order method
in e should be used (see Goldreich and Peale, 1966). Therefore, in this study we only
calculated tidal evolution where eini was lower than 0.4.
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Supplementary Figure 8.S6: (continued)
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Supplementary Figure 8.S7: Time evolution of the disk mass. This result is for the
simulation presented in Supplementary Figure 2(b), resulting in the formation of a disk
without an intact moon (Mdisk/Mp = 3.6 × 10−3 at t = 106 s for the case of Ntotal =
24,000 and Mdisk/Mp = 5.8 × 10−3 at t = 5 × 105 s for the case of Ntotal = 480,000). We
found that the time evolution of disk mass hardly depends on the resolution.
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Supplementary Figure 8.S8: Snapshots of giant impacts between two icy undifferen-
tiated bodies using the 5-phase equation of state for H2O adapting at Gadget-2 with
Ntotal = 300,000. The target mass and the impactor mass are 4× 1021 kg and 2× 1021 kg,
respectively, and vimp = 1.00vesc and θimp = 75◦. The collisional outcome is the forma-
tion of a large intact moon.
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Chapter 9
Summary and outlook

9.1 Chondrule formation

Chondrules are millimeter-sized spherical igneous grains contained within
chondrites, which are the most common type of meteorites, as a major com-
ponent. The volume fraction of chondrules in ordinary chondrites is 60–80%
(e.g., Rubin, 2000; Scott, 2007) and the ages of chondrules are approximately
4.563–4.567 billion years, i.e., they were formed during the first 4 million years
of the solar system (e.g., Connelly et al., 2012; Bollard et al., 2017). Therefore,
they must contain a wealth of information regarding the evolution of the solar
nebula. In the canonical view, small dust grains in the solar nebula grew into
millimeter-sized aggregates, after which chondrules were formed by the melt-
ing of these aggregates in the early solar nebula and became spherical owing
to their surface tension (e.g., Zanda, 2004); however, their precise origin is still
unclear.

Some chondrules, referred to as compound chondrules, are composed of
two or more chondrules fused. They comprise a low percentage of all chon-
drules (e.g., 4% in ordinary chondrites; Gooding and Keil, 1981); however, they
may offer crucial information regarding the physical state of solid materials
during chondrule formation. Although the formation process of compound
chondrules is still under debate, we can interpret the presence of compound
chondrules as the result of collisions (e.g., Gooding and Keil, 1981; Ciesla et al.,
2004b; Miura et al., 2008b; Bogdan et al., 2019).

In Chapters 2 and 3, we constructed a model for compound chondrule for-
mation (Arakawa and Nakamoto, 2016a, 2019). We examined the possibility of
compound chondrule formation via optically thin shock waves. Several fea-
tures of compound chondrules indicate that compound chondrules formed via
the collisions of supercooled precursors (Arakawa and Nakamoto, 2016a). We
evaluated whether compound chondrules can be formed via the collision of
supercooled chondrule precursors in the framework of the shock-wave heat-
ing model by using semi-analytical methods and discuss whether most of the
crystallized chondrules can avoid destruction upon collision in the post-shock
region (Arakawa and Nakamoto, 2019).

We found that chondrule precursors immediately turn into supercooled

164



9.2 Thermal conductivity of dust aggregates 165

droplets when the shock waves are optically thin, and they can maintain su-
percooling until the condensation of evaporated fine dust grains. Owing to
the large viscosity of supercooled melts, supercooled chondrule precursors can
survive high-speed collisions on the order of 1 km s−1 when the temperature is
below ∼ 1400 K. From the perspective of the survivability of crystallized chon-
drules, shock waves with a spatial scale of ∼ 104 km may be potent candidates
for the chondrule formation mechanism.

9.2 Thermal conductivity of dust aggregates

9.2.1 Numerical simulations and theoretical interpretations

Understanding the thermal conductivity of dust aggregates is essential in nu-
merous scientific and engineering fields. In the context of planetary sciences,
for example, the thermal evolution of planetesimals is affected by the thermal
conductivity of dust aggregates because they formed from micron-sized grains
in the solar nebula (e.g., Henke et al., 2013; Sirono, 2017). The near-surface
temperature distribution of comets and asteroids also depends on the thermal
conductivity of surface grains (e.g., Blum et al., 2017; Okada et al., 2017).

In Chapters 4 and 5, we numerically calculated the thermal conductivity of
dust aggregates (Arakawa et al., 2017, 2019c). We found that the thermal con-
ductivity of dust aggregates through the solar network, ksol, is approximately
given by

ksol � 2kmat
ac

R
φ2, (9.1)

where kmat is the material thermal conductivity, ac is the contact radius be-
tween two sticking monomer grains, R is the monomer radius, and φ is the
filling factor of aggregates, respectively. We also derived the thermal conduc-
tivity due to radiative transfer and gas diffusion (see Chapter 7).

Then we gave a theoretical explanation for the thermal conductivity of
dust aggregates from the fractal structure of dust aggregates (see Chapter
6; Arakawa et al., 2019b). In our numerical simulations, we used statically
compressed aggregates formed via ballistic cluster–cluster aggregation (BCCA;
Meakin, 1987, 1991). We introduced two dimensionless parameters that char-
acterize the structure of fractal aggregates: the fractal dimension Df and the
detour parameter α (see Chapter 6 for details). We found that the thermal con-
ductivity of statically compressed fractal aggregates is given by

ksol � 2kmat
ac

R
φ(1+α)/(3−Df). (9.2)

For dust aggregates formed via BCCA, the fractal dimension is Df � 1.9 (e.g.,
Mukai et al., 1992; Okuzumi et al., 2009), and the detour parameter is α � 1.3
(Arakawa et al., 2019b). The derived filling factor dependence of the thermal
conductivity, ksol ∼ φ2.1, is consistent with the numerical results.

We compared our numerical results with experimental data (Krause et al.,
2011; Sakatani et al., 2017) and confirmed that the numerically derived for-
mula could reproduce their experimental results without any free parameters
(Arakawa et al., 2019c). We note, however, that dust aggregates used in exper-
imental studies are not prepared by static compression of BCCA aggregates,
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and the reason why our formula reproduces the experimental results is still
unclear. We will survey the geometrical structure and thermal conductivity of
various types of aggregates with different values of Df and α, to understand
the thermal conductivity of dust aggregates more deeply.

9.2.2 Photophoresis

Thermal conductivity of dust aggregates would be important not only for the
thermal evolution of small bodies but also for the motion of dust aggregates in
circumstellar and circumplanetary disks. Photo-irradiated dust particles which
exhibit a temperature gradient move in a gaseous disk by momentum transfer
with colliding gas molecules (e.g., Krauss and Wurm, 2005; Loesche and Wurm,
2012). This photophoretic force may create a dust-depleted region in the inner-
most of the disk, resulting in the formation of a pressure maximum around the
outer edge of the dust-depleted region (e.g., Arakawa and Shibaike, 2019). This
pressure maximum may help the formation of small bodies because dust par-
ticles are collected near the pressure maximum (e.g., Haghighipour and Boss,
2003).

Photophoresis may also assist the rapid formation of gas giant planets
(Teiser and Dodson-Robinson, 2013). Gas giants formed via accretion of the
nebular gas onto solid protoplanets whose mass is about 10 Earth mass (e.g.,
Mizuno, 1980). The critical mass for mass accretion, however, strongly depends
on the opacity of accreting materials, i.e., the mixture of gas and dust particles
(e.g., Ikoma et al., 2000). Photophoresis may be a mechanism for pushing the
dust out of the planetary atmosphere and accelerate the formation of gas gi-
ants by reducing the opacity of accreting materials from the disk (Teiser and
Dodson-Robinson, 2013). The rapid formation of Jupiter in the early solar neb-
ula is favored for chondrule formation via shock waves caused by eccentric
planetesimals (e.g., Weidenschilling et al., 1998; Nagasawa et al., 2014, 2019).

9.3 Thermal history of icy small bodies

9.3.1 Comets

Understanding the physical properties of cometary dust is essential to con-
struct the planet formation scenario. There are numerous studies on the ther-
mal and mechanical properties of comets constrained from observations and
explorations (see, e.g., Groussin et al., 2019). Thermal properties are useful
for understanding the physical characteristics of constituent particles of the
surface dust layer (e.g., Blum et al., 2017; Hu et al., 2017). The mechanical
strengths, e.g., compressive and tensile strength, are thought to reflect the in-
formation from the subsurface of cometary nuclei (e.g., Groussin et al., 2015;
Basilevsky et al., 2016).

In Chapter 7, we calculated the thermal inertia, tensile strength, and com-
pressive strength of dust aggregates using the results of recent theoretical stud-
ies (e.g., Arakawa et al., 2019b), and compared calculations with the Rosetta
mission’s observational results of comet 67P/Churyumov–Gerasimenko. We
found that we cannot explain the tensile strength of the comet if it is a ho-
mogeneous aggregate of μm-sized dust grains, as pointed out by Tatsuuma
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et al. (2019). We also derived the formulae for the physical properties of hi-
erarchical dust aggregates, which are proposed by Skorov and Blum (2012).
We found that the thermal inertia, tensile strength, and compressive strength
of the comet is consistent with the hierarchical aggregate of cm- or dm-sized
constituent aggregates. These findings indicate that the icy planetesimals may
form via accretion of cm- or dm-sized compressed dust aggregates in the solar
nebula.

The mechanical strength of comet 67P/Churyumov–Gerasimenko is con-
sistent with the non-sintered hierarchical aggregate model. Therefore, the cool-
ing timescale within the comet might be much shorter than the half-life of
short-lived radionuclides (e.g., 26Al), or the accretion of the comet is later than
the extinction of short-lived radionuclides. The cooling timescale of comets is
given by

τcool =
ρcheatr2

k

∼ 106
(

k
10−2 W K−1 m−1

)−1( r
1 km

)2
yr, (9.3)

where ρ ∼ 5 × 102 kg m−3 is the density, cheat ∼ 103 J kg−1 K−1 is the specific
heat, r is the radius of comets, and k is the thermal conductivity. The thermal
conductivity within cometary nuclei is given by (see Chapter 7)

k � 8 × 10−3
(

T
150 K

)3( Ragg

1 cm

)
W K−1 m−1, (9.4)

where T is the temperature and Ragg is the radius of constituent aggregates.
The cooling timescale is therefore comparable to (or shorter than) the half-life
of 26Al (= 7.2 × 105 years), which is the primary heat source of small bodies
formed within a few million years from the formation of the sun, when the
aggregate radius is Ragg ∼ 1 cm (or Ragg 
 1 cm). This rapid cooling of comets
might prevent them from severe sintering, and thus they are still pristine dust
aggregates that possess the information of the early solar nebula.

9.3.2 Trans-Neptunian objects

Recent observational studies have revealed that all 1000 km-sized large TNOs
form satellite systems. However, their origins are still under debate. The
largest Plutonian satellite, Charon, is thought to be an intact fragment of an im-
pactor directly formed via a giant impact (e.g., Canup, 2005), although whether
giant impacts can explain the characteristics of other satellite systems, e.g., the
secondary-to-primary mass ratios, the spin/orbital periods, and their small ec-
centricities, remains to be determined.

In Chapter 8, we found that hydrodynamic simulations of giant impacts
can reproduce the secondary-to-primary mass ratio of the satellite systems of
large TNOs when the impact velocity is approximately the same as the escape
velocity (Arakawa et al., 2019a). We also revealed that the satellite systems’
current distribution of spin/orbital periods and small eccentricity could be ex-
plained when their spins and orbits tidally evolve, initially as fluid-like bod-
ies, and finally as rigid bodies. These results suggest that all satellites of large
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TNOs formed via giant impacts before the outward migration of Neptune (e.g.,
Gomes et al., 2004) and that they were fully or partially molten during the giant
impact era.

Recent studies (e.g., Johansen et al., 2015; Shannon et al., 2016) proposed
that accretion of cm-sized dust aggregates onto pre-existing planetesimals can
form 100–1000 km-sized large TNOs within a few million years. The growth of
large TNOs via accretion of cm-sized aggregates could also reproduce the size
distribution of observed TNOs with the mass peaking around ∼ 50 km in radii
(e.g., Bernstein et al., 2004; Fuentes and Holman, 2008; Fraser et al., 2014). We
also think that the accreting cm-sized dust aggregates may be identical with
the building blocks of comets (e.g., Skorov and Blum, 2012; Blum et al., 2017,
see also Chapter 7).

The heat source of large TNOs is still unclear. There are two candidates for
the primary heat source: short-lived radionuclides (e.g., 26Al) and long-lived
radionuclides (e.g., 40K, 232Th, 235U, and 238U). If the primary heat source is
26Al, large TNOs melted and differentiated within the first four million years
of the solar system formation (see, e.g., Sekine et al., 2017). On the other hand,
the timing of differentiation of 1000 km-sized TNOs would be approximately
100 million years after their accretion if long-lived radionuclides mainly heat
them (see, e.g., Robuchon and Nimmo, 2011). We will test these scenarios from
the thermal and dynamical evolutions in the future.

9.4 Compression of dust aggregates by shock waves

We found that the building blocks of planetesimals might be cm-sized com-
pressed dust aggregates. Although the compression mechanism of dust aggre-
gates is still unclear, here we propose that shock-waves in the solar nebula may
be a potential candidate. The ram pressure of chondrule-forming shock waves
considered in Chapter 3 (Arakawa and Nakamoto, 2019) is

pram = ρgvs
2 ∼ 103 Pa, (9.5)

where ρg ∼ 10−5 kg m−3 is the gas density of the nebula and vs ∼ 104 m s−1

is the shock-wave velocity. The compressive strength of dust aggregates is
shown in Figure 7.4(a), and dust aggregates of μm-sized monomer grains can
turn into compressed aggregates whose filling factor is larger than 0.2, which
is consistent with the conclusion of Arakawa (2017) and Chapter 7. Note that
whether this mechanism can work in the outer region of the solar nebula or
not is controversial. The source of shock waves is needed to be discussed, and
the thermal process of icy dust aggregates after shock heating should be con-
sidered. Evaporation and (partial) recondensation of volatiles (e.g., H2O and
CO2) might change the ice-to-refractory mass ratio in the outer solar system
(e.g., Brown, 2012; Pätzold et al., 2019), which is significantly lower than the
classical prediction of the ice-to-refractory mass ratio estimated from the solar
chemical composition (e.g., Hayashi, 1981).

168



9.5 Planetesimal formation in the early solar system 169
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Figure 9.1: Possible planetesimal formation pathways in the early solar system. The
red line shows the compact dust growth model which is suggested from laboratory col-
lisional experiments (e.g., Weidling et al., 2009; Zsom et al., 2010). Dust aggregates in the
solar nebula are compressed by mutual collisions and compressed cm-sized aggregates
formed in the nebula. Then planetesimals would be formed via gravitational collapse
of dust clumps (e.g., Johansen and Youdin, 2007; Yang et al., 2017). The grey dashed
line shows the evolutional track for the fluffy dust growth model (e.g., Okuzumi et al.,
2012; Arakawa and Nakamoto, 2016b) and the yellow triangle is the radial drift barrier
(e.g., Adachi et al., 1976; Weidenschilling, 1977).

9.5 Planetesimal formation in the early solar system

Finally, we discuss a possible planetesimal formation history in the early solar
system. In this thesis, we discussed what the building blocks of planetesimals
are and how planetesimals formed in the solar nebula, from the thermal his-
tory of small bodies. The formation pathway of planetesimals is illustrated in
Figure 9.1.

Over the last decade, two basic pathways of dust growth toward planetes-
imals have been proposed. One is the direct growth via collisional sticking of
dust aggregates with significant density evolution (e.g., Okuzumi et al., 2012;
Arakawa and Nakamoto, 2016b). Another one is that dust aggregates in the
nebula are concentrated locally and collapse gravitationally to form planetes-
imals (e.g., Johansen and Youdin, 2007; Yang et al., 2017). Note that this aero-
dynamic process is independent of the porosity of dust aggregates and both
porous and compressed aggregates can turn into planetesimals via gravita-
tional collapse of dust clumps.

As shown in Chapter 7, the building blocks of icy planetesimals might be
cm-sized compressed aggregates, not highly porous aggregates. We note that
not only icy planetesimals but also rocky planetesimals may be formed via
compressed aggregates. Arakawa (2017) found that chondrules in fluffy aggre-
gates would be lost in the collisional growth sequence; however, chondrules
are observed as the major components of meteorites. The minimum filling
factor of dust aggregates which can retain chondrules inside is approximately
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1–3% (Arakawa, 2017), and this value is between the predicted filling factors
from two proposed pathways of dust growth. Therefore, co-accretion of chon-
drules and fine dust grains may be possible when rocky planetesimals formed
via gravitational collapse of dust clumps of compressed aggregates, while the
direct growth via collisional sticking of fluffy dust aggregates might be difficult
to explain the formation of chondrite parent bodies.
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