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Abstract

Many asteroids exist between the orbits of Mars and Jupiter in the present solar system.
Asteroids are the remnants of minor bodies that existed in the primordial environment, and
they are fossils holding information of the planet formation era since they do not experience
significant melting thanks to those small sizes. Thus the detailed researches of asteroids lead
to clarify the history of the solar system.

As we notice from the elongated shape of the asteroid Itokawa observed by the spacecraft
Hayabusa, asteroids have not only spherical shapes but also variety of shapes. Now we know
the shapes of about the 1,600 asteroids owing to the detailed light-curve observations. Since the
shapes of asteroids are mainly formed through asteroidal collisions, we can statistically discuss
the collisional history of asteroids if we clarify the relationship between impact conditions
and the shapes of impact outcomes. Previous studies investigated the impact conditions of the
collisions that produce the several asteroidal shapes, but they do not provide the comprehensive
relationship between impact conditions and the shapes of impact outcomes. Thus, we conducted
numerical simulations of impacts between rocky asteroids with various impact conditions and
investigated the shapes of impact outcomes.

Firstly, we developed the numerical simulation code that treats rocky body impact phe-
nomena. We developed the numerical simulation code based on the Smoothed Particle Hydro-
dynamics (SPH) method for elastic dynamics since particle methods are suitable for problems
involving large deformation such as impacts. The SPH method for elastic dynamics has diffi-
culty to treat tension dominated regions due to a numerical instability. We developed a new
method to solve the numerical instability using the knowledge provided by the Godunov SPH
method (Inutsuka 2002). To reproduce collisional destruction of rocky bodies and gravitational
reaccumulation of fragments, we also introduced the self gravity, the model of fracture of rocky
material (Benz and Asphaug 1995), and the model of friction of completely damaged rock (Jutzi
2015). Moreover, we parallelized our simulation code utilizing Framework for Developing Parti-
cle Simulator developed by RIKEN (Iwasawa et al. 2015, 2016), which enables massive parallel
computing or wide parameter survey using supercomputers.

Secondly, to compare with the shapes of actual asteroids with diameters larger than 100 km,
we reproduced the impacts with the target rocky asteroids with the diameter of 100 km. We
conducted the impact simulations with the impact velocities of several 100 m /s that are realized

in the planet formation era. As a result, we found that the similar-mass impacts with the mass



ratios of two impacting bodies larger than 0.5 produce various shapes including extremely flat
shapes of the largest remnants, while those with the mass ratios smaller than 0.5 produce only
spherical shapes with the ratio of the minor to major axis lengths larger than 0.5. Next, we
conducted the impact simulations with the impact velocities of several km/s that are realized
in the present solar system. As a result, we found that the impacts with the mass ratio of 1/64,
which result in non-destructive impacts, only produce spherical shapes of the largest remnants
with the ratio of the minor to major axis lengths larger than 0.7, and the similar-mass impacts
with the mass ratios larger than 1/8, which mainly result in destructive impacts, only produce
spherical or bilobed shapes. Therefore, we expect that flat shapes are produced only by low-
velocity and similar-mass impacts in the primordial environment. To verify our prediction, we
analyzed the shape models of actual asteroids obtained from Database of Asteroid Models from
Inversion Technique, and investigated the shapes of family asteroids and non-family asteroids
separately. Note that family asteroids are mainly produced by recent destructive impacts. We
found that there are no flat family asteroids with the diameter larger than 100 km, while there
are several flat non-family asteroids. We also found that the fraction of flat non-family asteroids
larger than 10 km is more than twice as large as that of family asteroids. This suggests that flat
asteroids are likely to be formed in the primordial environment, and especially flat asteroids
larger than 100 km were formed in the planet formation era and remain the same until today.

Thirdly, we investigated impact conditions of collisions that produce the extremely elongated
shape of 1I//Oumuamua, which was found on October 2017. 1I//Oumuamua has the mean
radius of about 100 m, and the large light-curve amplitude of 11/ Oumuamua suggests that this
object has the elongated shape with the ratio of the intermediate to major axis lengths less
than 0.3. To reproduce the extremely elongated shape of 11//Oumuamua, we conducted the
impact simulations with the 50 m-sized rubble pile targets with various impact velocities, impact
angles, mass ratios of two impacting bodies, and friction angles. As a result, we found that the
formation of the extremely elongated shapes with the axis ratio less than 0.3 roughly requires
the impact velocity less than 40 cm/s, the impact angle less than 30°, the mass ratio larger than
0.5, and the friction angle larger than 40°. This impact velocity is realized in the extremely
primordial protoplanetary disks without the planetesimals with the radius larger than 7km.
Thus, 1I//Oumuamua might have been formed in such an extremely primordial protoplanetary
disk, then might have been ejected from the planetary system due to, for example, a stellar

encounter, and then visited our solar system.
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Chapter 1

Introduction

1.1 Asteroids in the Solar System

Our solar system is mainly composed of the planets orbiting around the sun. The solar system
has eight planets, that is, Mercury, Venus, the Earth, Mars, Jupiter, Saturn, Uranus, and
Neptune. They are the major bodies orbiting around the sun and account for the almost all
mass of the solar system. However, not only the planets but also other minor bodies are orbiting
around the sun. The minor objects include asteroids, comets, and trans-neptunian objects.

The number of the minor bodies in the solar system is clearly much larger than that of the
major bodies. Especially, great number of asteroids are found so far. According to Small Body
Database Search Engine of Jet Propulsion Laboratory!, the number of all asteroids with known
orbits is about 800,000. Even the number of the asteroids with the diameters larger than 1km
is more than 100,000. The largest asteroid (1) Ceres, which was discovered by Giuseppe Piazzi
on 1801, has the diameter of about 1,000 km (Note that (1) Ceres is no longer the asteroid but
now classified to the dwarf planet). Thus more than 100,000 asteroids with the diameters of
1—1,000 km are observed, and we can achieve statistical information regarding to the properties
of the solar system from asteroids.

Figure 1.1 shows the positions of the inner six planets and the asteroids with the diameter
larger than 1km. It is clear at a glance that asteroids mainly exist between the orbits of Mars
and Jupiter. The region where asteroids mainly exist is called the main belt, and the asteroids in
this region are called main-belt asteroids. We also notice that there are two groups of asteroids
existing in the Lagrange points of Jupiter. These asteroids are called Jupiter trojans. There

are some asteroids that have the orbits close to that of the Earth. These asteroids are called

Thttps://ssd.jpl.nasa.gov/sbdb_query.cgi#x



CHAPTER 1. INTRODUCTION 7

10 T T
5 - i
)
<of |
>~
5} i
_10 = I L ==
-10 -5 0 5 10

X[AU]

Figure 1.1: Positions of the inner six planets and the asteroids with the diameters larger than
1km at 00:00:00 on 1st January, 2018. The orbits of the planets are indicated by the solid
curves. The orbit of the Earth is on the XY plane, and X axis is in the direction of the
vernal equinox. The positions and the orbits are calculated from the orbital elements of the
planets and the asteroids obtained from Small Body Database Search Engine of Jet Propulsion
Laboratory. The blue point and solid curve show the position and orbit of Mercury, the yellow
ones show those of Venus, the brown ones show those of the Earth, the red ones show those of
Mars, the green ones show those of Jupiter, and the gray ones show those of Saturn. The black
dots show the positions of the asteroids.

near-Earth asteroids, which include the asteroids Itokawa and Ryugu visited by the spacecraft
Hayabusa and Hayabusa 2. Almost all near-Earth asteroids have the diameters less than 10 km,
and they are considered to be originated from the main belt through the migration due to the
Yarkovsky effect or the scattering due to the planets (e.g., Binzel et al. 1992; Michel et al. 2005).

Figure 1.2 shows the incremental mass distribution of asteroids estimated using the diame-
ters of asteroids obtained from Small Body Database Search Engine of Jet Propulsion Labora-
tory. From Fig. 1.2, we notice that the total mass of the asteroids with the diameters in each
diameter bin increases with increasing the diameters of asteroids. We also notice that there
is a peak of the mass around the diameter ~ 100 km (see also Bottke et al. 2005; Kobayashi
et al. 2016). Note that the two diameter bins with the diameter > 500 km in Fig. 1.2 include
only three asteroids (Ceres, Pallas, and Vesta), and these points are statistically insignificant.

Thus, the asteroids with the diameter ~ 100 km account for large fraction of the total mass of
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Figure 1.2: Incremental mass distribution of asteroids calculated from the diameters of the
asteroids obtained from Small Body Database Search Engine of Jet Propulsion Laboratory.
Here, we assume that the density of asteroids is 3g/cm3. The horizontal axis represents the
diameters of asteroids. Each point shows the diameter of the center of each diameter bin D,
and each bin has the width of D.(10%% — 107%9). The vertical axis represents the total mass
of the asteroids with the diameter in each diameter bin.
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Figure 1.3: Axis ratios of asteroids obtained from the shape models stored in Database of
Asteroid Models from Inversion Technique. The horizontal axis represents the diameters of
asteroids, and the vertical axis represents the ratio of the minor to major axis lengths of
asteroids. The axis ratios are measured through the bottom-up method (see Section 3.2).
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The shapes of the planets or large satellites such as the moon are almost complete spheres.
However, as we notice from the sea-otter shape of the asteroid Itokawa, many asteroids have
irregular shapes that are different from spherical shapes. This is because material strength
is dominant rather than the self gravity for small bodies such as asteroids (Hughes and Cole
1995; Lineweaver and Norman 2010). The shapes of asteroids are mainly measured using
light curves, that is, luminosity variation of asteroids in time. The rotations of asteroids vary
the cross section of asteroids with respect to observers, and this causes luminosity changes.
Kaasalainen and Torppa (2001) and Kaasalainen et al. (2001) provide the novel technique
that predicts the shapes of asteroids from the light curves of asteroids. The shape models
of asteroids obtained from light curves are summarized in Database of Asteroid Models from
Inversion Technique? (Durech et al. 2010). The shapes of asteroids are also measured by in-situ
observations (e.g., Fujiwara et al. 2006), radar observations (e.g., Ostro et al. 2000), and the
occultations of background stars due to asteroids (e.g.,Sato et al. 2000), but the number of
asteroidal shapes obtained from these methods is much smaller than those obtained from light
curves. Fig. 1.3 shows the axis ratios of asteroids obtained from Database of Asteroid Models
from Inversion Technique, and we notice that about half of asteroids have the irregular shapes
with the ratio of the minor to major axis lengths less than 0.6.

There are several groups of asteroids that have similar proper orbital elements. Here, the
proper orbital elements mean that quasi-invariants of motions of asteroids that are not affected
by short-term perturbations such as the gravity from the gas giants (e.g., Knezevic et al. 2002).
Groups of asteroids with similar proper orbital elements are called asteroid families. Japanese
astronomer Kiyotsugu Hirayama firstly identified several asteroid families (Hirayama 1918), and
thus asteroid families are also called Hirayama families. The asteroids in an asteroid family
usually have similar spectral properties (e.g., Zappald et al. 1995), so that the asteroids in a
family are considered to be the fragments produced through collisional destruction of a parent
body (e.g., Farinella et al. 1996).

There are several mechanisms that vary the proper orbital elements. One of them is the
Yarkovsky effect (e.g., Farinella et al. 1998). The Yarkovsky effect mainly changes the orbital
semi-major axis due to the torque induced by irradiation and the rotations of asteroids. The
rotations of asteroids make differences between the directions of absorption of irradiation from
the sun and the directions of re-emission of radiation, which exerts the torque on asteroids

and causes the semi-major axis change. The Yarkovsky effect both increases and decreases

Zhttp://astro.troja.mff.cuni.cz/projects/asteroids3D /web.php
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Figure 1.4: Ages of asteroid families estimated from the Yarkovsky “V-shape”. The vertical
axis represents the estimated ages of families, and the number nearby each plot indicates minor-
planet designation of the largest member of each family. This figure is taken from Asteroid
Dynamics Site 2 (http : //hamilton.dm.unipi.it/astdys2/fam_ages/index.html).

the semi-major axis depending on the direction of rotations, and is more effective for smaller
asteroids, especially for the asteroids smaller than 10 km (Morbidelli and Vokrouhlicky 2003).
The Yarkovsky effect dissipates asteroids families for a very long period, and we can utilize this
effect to measure the ages of asteroid families (Spoto et al. 2015). The semi-major axis change
due to the Yarkovsky effect is faster for smaller asteroids, and thus if we plot the diameters and
proper semi-major axes of the asteroids in a family on a graph that has the horizontal axis of
the proper semi-major axis and the vertical axis of the inverse of the diameter, we can achieve
“V-shape” occupied by the plots of asteroids. The opening angles of V-shapes are larger for
older families, and thus the ages of asteroid families are estimated from the opening angles of
V-shapes. Fig. 1.4 shows the estimated ages of asteroid families, and we notice that the most
families have the ages younger than 1 Gyr, which is much shorter than the age of the solar
system. Thus, asteroid families were mainly formed through recent asteroidal collisions.

Note that not all of asteroids were destructed by recent impacts but especially large asteroids
may have the primordial origin. Fig.1.5 shows the collisional lifetime of asteroids (or the
timescale of the occurrence of destructive impacts) in the present main belt estimated in O’Brien
and Greenberg (2005). From Fig. 1.5, we notice that the asteroids with the diameters larger

than 100 km have the collisional lifetimes of about ten times longer than the age of the solar
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Figure 1.5: Collisional lifetime of asteroids (or the timescale of catastrophic disruptive impacts)
in the present main belt. The horizontal axis represents the diameter of asteroids, and the
vertical axis represents the collisional lifetime of asteroids with the diameter shown in the
horizontal axis. This figure is taken from O’Brien and Greenberg (2005).

system. Thus these larger asteroids may be “fossils” of the primordial asteroids (Bottke et al.
2005). Fig. 1.5 also shows that the asteroids larger than 10km have the collisional lifetime
slightly longer than the age of the solar system, which means that some fraction of these

asteroids may also be primordial.

1.2 Solar System Formation Scenario

Standard solar system formation scenarios are based on the model proposed by Safronov (1969)
or the so-called Kyoto model proposed by Hayashi et al. (1985). Fig. 1.6 shows the schematic
picture of the solar system formation scenario based on the Kyoto model. Planets are formed
in a protoplanetary disk, which is composed of gas and solid dust particles. Gas is mainly com-
posed of hydrogen and helium. The typical size of dust particles is considered to be sub micron,
which is the typical size of interstellar dust particles (Mathis et al. 1977; Draine and Lee 1984).
The existence of protoplanetary disks is already proved by many observations (e.g., Kitamura
et al. 2002; Kwon et al. 2011), and nowadays Atacama Large Millimeter/submillimeter Ar-
ray clarified even the spatial structures of the surface density of dust component for several
protoplanetary disks (ALMA Partnership et al. 2015).

Dust particles grow up to be planetesimals, which are the bodies with the typical size
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Figure 1.6: Schematic figure that shows the formation and evolution of the solar system.

of 1 — 100km, through collisional sticking of dust particles due to the van der Waals force.

There are some difficulties for dust particles to grow to be planetesimals through collisional
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coalescence, although we already found some mechanisms to avoid the difficulties. One of the
difficulties is the radial drift problem. Gas component is orbiting around the sun with sub-
Keplerian velocity because of radial gas-pressure gradient, and dust particles experience head
wind and loose the angular momentum. If dust particles grow with keeping compact density,
the timescale for the radial drift is shorter than the growth timescale when the size of compact
dust reaches about 1m (Weidenschilling 1977), which means that dust particles fall down to
the central star before they grow to be planetesimals. However, collisional sticking of dust
particles produces porous aggregates (e.g., Suyama et al. 2008), which accelerates the growth
of dust particles to be faster than the radial drift (Okuzumi et al. 2012). Sufficiently grown
dust aggregates are compressed through gas compression and self-gravity compression, and then
planetesimals with the size ~ 1km are formed (Kataoka et al. 2013). The radial drift problem
is also overcome by the steaming instability (Johansen et al. 2014). The streaming instability
produces overdense filaments composed of dust particles, and gravitational fragmentation of
overdense regions directly produces planetesimals in a short timescale. The size of planetesimals
produced through the streaming instability is estimated to be ~ 100 km.

Planetesimals grow through collisional coalescence of planetesimals, and here “glue” is the
gravity between planetesimals. There are two types of the growth mode of planetesimals. If
the relative velocity between planetesimals is smaller than the mutual escape velocity of plan-
etesimals, the gravity is effective and collisional cross section is larger for larger planetesimals
(gravitational focusing). This means that larger planetesimals grow faster than smaller ones,
and smaller planetesimals are left behind the growth. This growth mode is called runaway
growth (e.g., Wetherill and Stewart 1989; Kokubo and Ida 1996). In contrast, if the relative
velocity is larger than the escape velocity, the gravity is not effective. In this case, the dif-
ference of the masses of two planetesimals decreases through the growth, and planetesimals
with different masses grow with the similar growth rate. This growth mode is called orderly
growth (e.g., Weidenschilling et al. 1997). In the orderly growth mode, the shape of the mass
distribution of planetesimals merely shifts to massive side.

The relative velocity between the planetesimals with the radius larger than 1km is mainly
increased by the density fluctuation caused by turbulence (Ida et al. 2008; Okuzumi and Ormel
2013; Ormel and Okuzumi 2013), while the relative velocity is decreased by the collisional
damping (e.g., Ohtsuki 1992). The equilibrium relative velocity between the planetesimals
smaller than 100 km is larger than the escape velocity from these planetesimals, and thus the

growth mode for smaller planetesimals is the orderly growth (Kobayashi et al. 2016). Note that
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the relative velocity is surely larger than the escape velocity from the planetesimals smaller
than 100 km but is still less than about ten times of the escape velocity, which does not result
in the collisional destruction but results in the growth.

On the other hand, the escape velocity from the planetesimals larger than about 100 km
is larger than the relative velocity (Kobayashi et al. 2016). Thus the growth mode of the
planetesimals that reach the size of about 100 km changes to the runaway growth. Several
larger planetesimals, or protoplanets, grow much faster than the planetesimals smaller than
100 km, and the runaway growth produces bimodal mass distribution that is composed of
several protoplanets and remnant planetesimals with the radius ~ 100km (Kobayashi and
Tanaka 2018). The mass distribution of remnant planetesimals has the peak around the radius
of about 100 km, which probably remains the same until today and produces the peak around
100 km of the mass distribution of the asteroids in the main belt (Kobayashi and Tanaka 2018).
Therefore, the asteroids are considered to be remnant planetesimals and they are essentially
the same objects. Thus, in the explanation of the collisional simulations shown after Chapter
2, we only use the term of asteroid and do not use the term of planetesimal to avoid confusions.

The runaway growth does not continue eternally. Sufficiently grown protoplanets gravita-
tionally scatter surrounding planetesimals and increase the relative velocity between protoplan-
ets and planetesimals. Gravitational focusing is more effective with smaller relative velocity,
and thus the heat up by the protoplanets decreases the growth rate of the protoplanets them-
selves. Eventually, several protoplanets with the similar masses and sufficient separations are
formed, and they grow through coalescence of surrounding planetesimals. This growth mode is
called oligarchic growth (Kokubo and Ida 1998, 2000). The separations between protoplanets
are typically about 10 Hill radii (Kokubo and Ida 1995).

Inner protoplanetary disk is hotter due to the irradiation from the sun, while outer pro-
toplanetary disk is colder. There is the orbital radius where disk temperature is the same
as the water condensation temperature. This radius is called the snow line. Solid water, or
ice, exists outside of the snow line, and thus the amount of solid components outside of the
snow line is larger than that inside of the snow line (Hayashi 1981), which leads to the rapid
growth of protoplanets outside of the snow line. If the mass of protoplanets exceeds about 10
Earth masses, protoplanets accumulate surrounding disk gas in a runaway manner (Mizuno
et al. 1978; Mizuno 1980; Stevenson 1982), which leads to the formation of gas giants. The
protoplanets that eventually become Jupiter and Saturn grow rapidly because of the existence

of icy component outside of the snow line and become heavier than 10 Earth masses before the
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dispersal of gas disk.

Disk gas damps the eccentricity of protoplanets, and protoplanets are orbiting around the
sun with almost circular orbits and sufficient separations. However, after disk gas dissipates,
the eccentricity increases due to the mutual gravitational perturbations between protoplanets,
which leads to the orbital crossing of protoplanets and giant impacts (e.g., Wetherill 1985;
Kokubo and Ida 1998). The final stage of the terrestrial planet formation is considered to be
the giant impact stage. Giant impacts determine the characteristics of the present terrestrial
planets, such as the number or the orbital elements of the planets (e.g., Agnor et al. 1999;
Kokubo and Genda 2010). The moon is also considered to be formed by a giant impact
(e.g.,Ida et al. 1997; Canup 2004).

The total mass of the asteroids in the present main belt is much smaller than that of solid
component of the protoplanetary disk (e.g., Petit et al. 2001; Nagasawa et al. 2002). The sub-
stantial fraction of asteroids are ejected from the solar system due to, for example, the migration
of the gas giants (Walsh et al. 2011), which means that the impacts between planetesimals in
the primordial environment are considered to be more frequent than those between asteroids
in the present environment. Thus collisional deformation of planetesimals larger than 100 km
probably occurs in the primordial environment although collisional destruction of 100 km-sized

asteroids in the present solar system rarely occurs (see Fig. 1.5).

1.3 Planetesimal or Asteroidal Collisions

As we introduced in Section 1.2, impacts between various objects including dust particles,
planetesimals, and protoplanets play the essential role for the formation of the solar system,
that is to say, the impact is the most important physical process for the planet formation.
Collisional merging of these objects leads to the growth of objects. However, impacts do not
always result in merging but also result in destruction or other types of collisions depending
mainly on the impact velocity and also the impact angle and the mass ratio of impacting two
bodies. Therefore, the detailed understanding of impact outcomes is very important to discuss
the details of the solar system formation scenario. Here, we especially focus on planetesimal or
asteroidal impacts.

Numerical simulation is one of the most powerful tools to investigate the results of impacts,
since the scale of planetesimals or asteroids (larger than km) is too large to be treated in

laboratory experiments. Moreover, the self gravity of bodies plays important role, which is
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also difficult to be investigated by room experiments. Certainly, laboratory experiments of
impacts for m-sized targets (e.g., Fujiwara et al. 1989; Kato et al. 1995) are applicable not only
to impacts between m-sized asteroids but also to those between much larger asteroids through
scaling laws (e.g., Housen and Holsapple 1990; Mizutani et al. 1990), but the direct comparison
between laboratory-scale-impacts and asteroid-scale-impacts is still difficult. Moreover, the
recent improvement of computational power through the development of supercomputers such
as K computer enhances the value of numerical simulations.

There are two major frameworks of simulation methods for impacts. One of them is shock
physics codes, or hydrocodes, and the other one is particle based codes, or discrete element
methods. In shock physics codes, we solve continuum equations for hydrodynamics or elastic
dynamics and calculate the time evolution of field variables such as the velocity or density. Some
studies include models for realistic rocky materials (e.g., Benz and Asphaug 1995; Jutzi 2015),
and thus shock physics codes can treat the impacts between rocky bodies. Shock physics codes
are roughly classified to particle methods and mesh methods depending on how to discretize
continuum bodies. Particle methods, which include Smoothed Particle Hydrodynamics (SPH)
method, utilize Lagrangian particles that mimic bulk of continuum bodies and move with
the motion of continuum bodies (e.g., Jutzi and Asphaug 2015), while mesh methods utilize
Eulerian meshes that are usually fixed to computational domain (e.g., Kraus et al. 2011). Impact
phenomena accompany with large deformation, so that particle methods are more preferable
than mesh methods. On the other hand, in particle based codes, we represent bodies as
collection of particles with finite radii and rigid boundaries, and we directly assume interactions
between particles. Particle based codes are also roughly classified to hard sphere models and
soft sphere models. In hard sphere models, we assume the coefficient of restitution and only
solve repulsion between particles (e.g., Richardson et al. 2000). In soft sphere models, we take
into account finite interaction times and interactions are governed by elastic forces and frictional
dissipation (e.g., Schwartz et al. 2018).

Both shock physics codes and particle based codes have merits and demerits. Shock physics
codes can solve shock waves, so that they can treat hypervelocity impacts. However, time steps
in shock physics codes are determined by the Courant condition and are much smaller than the
timescale of gravitational reaccumulation especially for the impacts with bodies smaller than
100 km, so that it is difficult for shock physics codes to complete gravitational reaccumulation
phases. On the other hand, particle based codes do not have the strict restriction for time

steps especially for hard sphere models, so that the simulations of gravitational reaccumulation
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phases are relatively easy. However, they can treat neither shock waves nor heats generated by
shock waves. Recently, some studies conduct impact simulations with hybrid codes that utilize
both shock physics codes and particle based codes; they calculate initial fragmentation phases
using shock physics codes and subsequent gravitational reaccumulation phases using particle
based codes (e.g., Michel et al. 2001).

Various impacts are investigated in various researches so far (e.g., Michel et al. 2011; Genda
et al. 2012; Ballouz et al. 2014). In this section, we introduce the impact simulations in previous
works in terms of the classification of impact outcomes based on Benz and Asphaug (1999) and
Leinhardt and Stewart (2012) and asteroidal shapes formed through impacts based on Leinhardt
et al. (2000), Jutzi and Asphaug (2015), Jutzi and Benz (2017), Schwartz et al. (2018), and
Leleu et al. (2018).

1.3.1 Types of Collisional Outcomes

One of the most important measures of impact results is the mass of the largest remnants.
If the mass of the largest remnants are larger than target bodies, impacts result in merging
and bodies grow. Here, a target body means the larger body among two impacting objects,
and an impactor body means the smaller one. Generally speaking, impacts with larger kinetic
energy result in more destructive impacts. However, the degree of destruction also depends on
the mass of target bodies. The larger target bodies are, the lesser the degree of destruction
becomes with the same impact kinetic energy. Thus, the following total kinetic energy per unit

mass Qg will be a good measure of the degree of destruction:

1/2 im ’UiQm

( / ),LL p p’ (11)
Mtot

where Vi is the impact velocity, pimp = MiMiarget/Mior is the reduced mass, Mo, = M; +

Qr =

Miarget is the total mass, and M; and My, are masses of impactor and target bodies, respec-
tively. If the mass difference of two bodies is too large M; < Miarget, Qr is simply written
as
(1/2) Mg,
Q=—"——"—"2 1.2
Mtarget ( )
The specific kinetic energy Qg when the mass of the largest remnant becomes just half of

that of a target body is called the catastrophic disruption threshold Q%p. If Qg is much smaller

than Q% p, the impacts result in non-destructive or merging collisions. If Q)i is comparable to
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or larger than ()%, the impacts result in catastrophic destruction. Therefore, %, is one
of good thresholds to judge that impacts become destructive or non-destructive. Destruction
of larger bodies is prevented by the gravity (gravity-dominated regime), while destruction of
smaller bodies is prevented by material strength (strength-dominated regime).

Benz and Asphaug (1999) derived the size dependence of Q%,, which is the catastrophic
disruption threshold for @ in Eq(1.2), through SPH impact simulations with the material
strength of intact rocks. They conducted impact simulations with various impact angles, mass
ratios of two impacting bodies, and radii of target bodies but with fixed impact velocities of
3km/s or 5km/s, which are the typical impact velocities in the main belt, and they derived

the impact-angle-averaged ()7}, for various target radii, which is expressed as

Qp = QU( ul )apow +Bopo< ul )bpow, (1.3)

1lcm lcm

where R, is the radii of targets, p is the mean density, and Qy, By, @pow, and byoy are parameters
depending on the impact velocity and target material. The detailed parameters are listed in
Benz and Asphaug (1999), and the two exponents have the values of apoy &~ —0.4 and byoy ~ 1.3.
Thus there is a radius that has minimum Q% and this radius is the transition radius between
strength- and gravity-dominated regimes. They found that the transition diameter of target
bodies is about 300 m. Note that ()7, depends on the friction coefficient of completely damaged
rock (Jutzi 2015) and also the resolution of numerical simulations (Genda et al. 2015). QF,
is used in theoretical works to assess how impacts are destructive (e.g., Bottke et al. 2005;
Kobayashi and Tanaka 2018).

The comparison between 5, and Qg roughly determines whether impacts result in de-
structive or non-destructive ones. However, there are other types of impacts such as hit-and-run
collisions (e.g., Genda et al. 2012). Moreover, Q7 depends not only on the sizes of target bodies
as in Eq (1.3) but also on the impact angle or the mass ratio of two impacting bodies. Leinhardt
and Stewart (2012) extended Q% in gravity-dominated regime to represent the dependence of

the impact angle and the mass ratio as follows:
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* Mimp (3fmat /2—-2) 1 (q + 1)2 (2/(3fmat)—1) "
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Olimp = 4R§ )
[ — (Rz + Rt)<1 — sin eimp) R, < R; + (RZ + Rt) sin Himp (1 4)

2RZ Rt > Rz + (Rl + Rt) sin Gimp ’ ’

where R; is the radii of impactors, iy, is the impact angle, Qxp 14, _o 1S the catastrophic

disruption threshold for equal-mass and head-on collisions, and [iya; ips the material depen-
dent scaling parameter with 1/3 < fiy < 2/3. Leinhardt and Stewart (2012) determined
QRrD,g=1,0,m,—0 UsSIng scaling laws, but it can also be determined by numerical simulations as
done in Benz and Asphaug (1999). For detailed classification of impact types, they also set the

following critical impact angle (see also Asphaug 2010):

Op.cxit = sin~! (%) (1.5)

Using Q%p, Oimp.cit, and two-body escape velocity ves., we can roughly classify impact types as
follows: merging collisions for viy, < Vesc, partial accretion for Gy < Ginp ait and Qrp < Qips
hit-and-run collisions for i, > Oimpaic and Qrp < Q%p, and catastrophic destruction for

Qrp > Qkp-

1.3.2 Collisions as the Origin of Asteroidal Shapes

In Section 1.3.1, we focused on the types of impacts and the mass of the largest remnants, or
the ejected masses. There are many other interesting features of the results of impacts such
as the rotation of impact outcomes. In this dissertation, we especially focus on the shapes of
impact outcomes, because the shapes of impact outcomes are sensitive to the impact conditions
(e.g., Jutzi and Asphaug 2015) and we already know the shapes of many actual asteroids (see
Fig.1.3).

The shapes of asteroids are mainly determined by asteroidal collisions, although there are
other mechanisms to deform asteroidal shapes such as the spin-up due to the Yarkovsky-
O’Keefe-Radzievskii-Paddack (YORP) effect (e.g., Richardson et al. 2005) or tidal disruption
due to planets (e.g., Walsh and Richardson 2006). The YORP effect is caused by irradiation
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like the Yarkovsky effect, and the YORP effect changes the rotation rate of asteroids (Rubin-
cam 2000). If the rotation rate becomes too large due to the YORP effect, the centrifugal
force due to the rotation exceeds the self gravity and shapes are deformed (e.g., Pravec et al.
2002). However, the timescale of rotation-rate changes due to the YORP effect for the asteroids
larger than 10 km is much longer than the age of the solar system (Rubincam 2000), and thus
the YORP deformation is not important for the larger asteroids. The deformation due to tidal
disruption is also inefficient, because tidal disruption of asteroids only occurs when the distance
between planets and asteroids is comparable to the radii of planets albeit there are no large
planets in the main belt.

The shapes of impact outcomes are investigated in several previous researches using the
particle based method (Leinhardt et al. 2000), the SPH method (Jutzi and Asphaug 2015;
Jutzi and Benz 2017; Leleu et al. 2018), and the hybrid method (Schwartz et al. 2018). Here,
we briefly introduce each study.

Leinhardt et al. (2000) conducted the impact simulations between km-sized rubble pile
bodies with impact velocities smaller than 10m/s, which are comparable to the two-body
escape velocity of considered rubble pile bodies. They investigated the dependence of impact
outcomes on the impact velocity, the impact angle, the mass ratio of two impacting bodies,
and even the rotation rate of impacting bodies. They found that the equal-mass impacts can
form elongated or bilobed shapes, while all the shapes formed through unequal-mass impacts
are spherical. However, although they investigated the detailed dependence of the shapes of
impact outcomes on the impact velocity and angle, they only conducted simulations with two
values of the mass ratios (1/1 and 1/8) and they also ignored destructive impacts.

Jutzi and Asphaug (2015), Jutzi and Benz (2017), and Schwartz et al. (2018) focus on
how to form the bilobed shape of Comet 67P/Churyumov-Gerasimenko, which has the size of
1km. Jutzi and Asphaug (2015) investigated similar-mass and low-velocity (~ 1m/s) impacts,
and showed that the bilobed shapes are formed through the impacts with moderate initial
angular momentum. However, the impacts with the impact velocity &~ 1 m/s occurs only in the
primordial environment, and it is quite unlikely that such shapes of km-sized bodies survive
until today without experiencing destructive collisions. Jutzi and Benz (2017) showed that the
sub-catastrophic destruction of rotating elongated body with the impact velocity of ~ 300m/s
forms a bilobed shape through the fission of a rotating elongated body into two remnants and
reaccumulation of the remnants. Schwartz et al. (2018) showed that bilobed shapes are also

formed during the reaccumulation phase after catastrophic destruction through the coalescence
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of two spherical remnants.

Leleu et al. (2018) investigated the production procedure of the peculiar shapes of inner and
small Saturnian moons. Among six inner Saturnian moons, there are three irregularly shaped
moons, that is, Pan and Atlas have the flat shapes and Prometheus has the elongated shapes.
Moons produced from the rings of Saturn have similar masses and small orbital eccentricities
due to the oblateness of Saturn, which leads to similar-mass and low-velocity impacts between
Saturnian moons. They investigated the probability distribution of impact conditions at around
Saturn and the shapes formed through the impacts with probable impact conditions, and they
found that similar-mass and low-velocity impacts around Saturn can explain the current fraction
of the irregular shapes of the small Saturnian moons.

Although there are several previous researches investigating shapes formed through impacts,
almost all of them focus on the shapes of specific objects and do not investigated comprehensive
shapes formed through various impacts. Crucially, none of them investigate shapes quantita-
tively, and then we cannot statistically compare the results of simulations with the shape dis-
tribution of actual asteroids. Thus, in this dissertation, we conduct various impact simulations

and investigate the shapes of impact outcomes quantitatively in terms of the axis ratios.



Chapter 2
Method

In this chapter, we introduce the detailed methods necessary for the numerical simulations
of asteroidal collisions and the formation of resultant shapes, which includes the equations
for elastic dynamics, the descretized equations for the SPH method, the equation of state for
impact simulations, the model for fracture of rock, the model for friction of damaged rock, the
parallelization of simulation code, and the time development procedure. Some parts of this
chapter are based on Sugiura and Inutsuka (2016), Sugiura and Inutsuka (2017), and Sugiura
et al. (2018a).

2.1 Elastic Dynamics

2.1.1 Basic Equations for Elastic Dynamics

Elastic bodies mean bodies that always return to those initial shapes under any deformation
owing to internal stresses. Basic equations include not only the equation of motion or the
equation of continuity but also the equation to calculate the stress tensor from the strain. In
this section, detailed equations utilized in elastic dynamics are introduced. Please note that
the SPH method is a particle method, which basically requires Lagrangian formulation, and
thus we introduce equations in Lagrange-type formulation.

The Hooke’s law describes the relationship between the stress and the strain for elastic bod-
ies with small deformation. According to the Hooke’s law, the stress tensor o is proportional
to the strain, which is the displacement per unit length. ¢’ means the force per unit area
acting on a surface of a part of elastic bodies, and [ indicates the direction of the force and «
indicates the direction perpendicular to the surface. Here, Greek letters of a or 8 correspond

to each direction x, y, or z. According to the Hooke’s law, the stress tensor is expressed as

22
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1
o =2 <€a,3 - 5677(50‘/’)) + K598, (2.1)

where 4 is the shear modulus, K is the bulk modulus, and §*% is the Kronecker delta. We
assume a summation convention over repeated indices of Greek letters. €*? is strain tensor and

written as,

1{ace ot
op _ 1O OCT
‘ 2(0:& axa)’ (22)

where (¢ = 2% — xf, x is the position vector, and x is the position vector when bodies are not

deformed. The first term of Eq. (2.1) shows the deviatoric stress tensor, and we define

1
S =2y <ea5 - 56776‘15). (2.3)

The second term of Eq. (2.1) shows the isotropic stress, i.e., the pressure, and we define P =
— K€", For numerical simulations, it is convenient to use the relationship between the pressure,
density, and internal energy, i.e., the equation of state. €77 is related to the change of volume,

and the pressure with small deformations is expressed as
K
Po

where p is the density, pg is the density when bodies are not deformed, and Cy = /K/py is

P=—(p—po)=C5(p—po), (2.4)

the bulk sound speed. Note that positive pressures represent repulsive forces, while negative

pressures represent tensile forces. Thus the stress tensor is represented as

o = —P§*P 4 5P, (2.5)

However, the strain tensor defined as Eq.(2.2) does not become zero for rigid-body rota-
tions, which leads to nonzero deviatoric stress tensor calculated from Eq. (2.3). Note that no
deformation occurs for rigid-body rotations and the strain tensor should be zero. To avoid this
problem, we solve the time-evolution equation of the deviatoric stress tensor (e.g., Libersky and

Petschek 1991). The equation is achieved by differentiating Eq. (2.3) and represented as

dseP
dt

1
=2/ (éaﬁ _ g(saﬁéw) + SYYRPY 4 §PT R, (2.6)
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where d/dt represents Lagrangian time derivative and é*# and R represent strain rate tensor
and rotation rate tensor, respectively. Strain rate tensor and rotation rate tensor are expressed

as

w35 ~ ) @)

where v is the velocity vector. The first term of Eq.(2.6) is achieved straightforwardly by
differentiating Eq (2.3). Eq(2.3) is written for the coordinate system fixed to bodies, but
we utilize the laboratory coordinate system. Thus we need to consider the difference of two
coordinate systems when bodies rotate. The second term of Eq. (2.6) represents this difference
and is derived from the derivative of the bases.

The acceleration of a part of elastic bodies is determined by the space derivative of the
stress tensor. The equation of motion, which determines the acceleration of elastic bodies, is

expressed as
dv* 1 do8
dt — p 0z8°
The density change is determined by the divergence of the velocity field. The equation of

(2.8)

continuity, which determines the change rate of the density, is expressed as

dp "

at -~ Pore

We can treat the motion of elastic bodies by solving the equation of state (2.4), the time-

(2.9)

evolution equation of the deviatoric stress tensor (2.6), the equation of motion (2.8), and the
equation of continuity (2.9). However, if we want to solve the temperature change, we need to
additionally solve the equation of energy. The change of the specific internal energy u due to
the work done by internal stresses is basically determined by the product of the stress tensor
and the velocity gradient, i.e., the deformation per unit time, and thus the equation of energy

is expressed as,

du 1 500"

—_— == —_—. 2.1
dt pa Oxh (2.10)
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2.1.2 Basic Concept of SPH Method

The SPH method is originally the numerical method for fluid dynamics using Lagrangian “par-
ticles”. The SPH method is firstly developed by Gingold and Monaghan (1977) and Lucy
(1977) to solve hydrodynamics problems in astrophysics fields. Each SPH particle mimics a
fluid element, and we represent a fluid body as swarm of SPH particles. Recently, the SPH
method is extended to elastic dynamics (e.g., Libersky and Petschek 1991; Gray et al. 2001;
Sugiura and Inutsuka 2017), dynamics of brittle solids (Benz and Asphaug 1994, 1995), and
dynamics of granular material (Jutzi 2015).

Each SPH particle is not a point particle but has a kind of finite radius. In the framework

of the SPH method, the density at the position @ is represented as

pl@) = mW (|2 =@, h). (2.11)

where m; is the mass of the j-th SPH particle, ; is the position of the j-th particle, W (|x —
x;|,h) is a kernel function, and h is a smoothing length. Hereafter, subscripts of Roman
letters mean the particle number. The kernel function W (| — «;|, h) represents shape of a
kind of distribution of the j-th particle, and the smoothing length determines the width of the
broadening of each SPH particle (h is usually set to be comparable to average particle spacing).
In Eq. (2.11), m;W(|x — x;|, h) represents the density distribution contributed from the j-th
particle, and thus the total density distribution is represented by superposition of the density
distribution contributed from nearby SPH particles. Note that the kernel function has following
properties: (I) The kernel function converges to a Dirac ¢ function when h — 0; (II) The kernel
function is normalized so that the spatial integration of the kernel function becomes unity; (III)
The kernel function W (r, h)becomes 0 for r — oco. The kernel function has various forms, and
here we introduce two types of the kernel function; Gaussian and cubic spline kernels. The

Gaussian kernel is expressed as

1 ddim _r2/p2
W(r,h) = [h—\/%} e (2.12)

where dgi, is a spatial dimension, and the cubic spline kernel for three dimensional problems

is expressed as
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2 3
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Smoothing lengths should be comparable to local average particle spacing. Thus if the
particle spacing, or the density, largely varies in space and in time, we need to adjust smoothing
lengths to be local average particle spacing. However, all simulations in this dissertation do
not accompany with large density variation. Thus we use constant smoothing lengths in space
and in time, and we set smoothing lengths to be the initial particle spacing.

A physical quantity f; at the position of the i-th particle x; is approximated by the convo-

lution of f at vicinity points, which is given by

fi= /f(a:)W(|a: — x|, h)de. (2.14)

In the same manner, the convolution of the spatial derivative of the physical quantity is given
by

Of; :/8f(m)W(|m—w,;|,h)dw

ox¢ Oz
9
_ /f(:c)a—x?WQm _zi|, h)da. (2.15)

Here, we have integrated by parts and used the relation W (r, h) = W(—r, h). From Eq. (2.11),

we achieve the following identity:

Zpg)wqm—mﬂ,h) ~ 1. (2.16)

By using the identity Eq (2.16), we further modify Eq. (2.15) as

Basically, the spatial derivatives in Egs. (2.6), (2.8), (2.9), and (2.10) are evaluated as
Eq. (2.17). However, Eq. (2.17) includes the spatial integral and we cannot directly evaluate

the gradients using Eq. (2.17).
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2.1.3 Equations for Standard SPH Method

In the widely-used SPH method, the approximation of W (|x — x|, h) = §(| — x;|) is utilized
in the evaluation of Eq. (2.17), where 6(|& — «;|) is the Dirac ¢ function. This approximation

leads to

afz Z fJ W(|x; — x|, h). (2.18)

Then spatial gradients are stralghtforwardly evaluated using information of neighbor SPH par-
ticles as Eq. (2.18).

There are several types of the final forms of Egs.(2.6), (2.8), (2.9), and (2.10) for the
standard SPH method with small differences. Although the final forms are depending on the
detailed procedure how to transform the equations, the final forms of the equations can be
basically derived by replacing the spacial derivatives in Egs. (2.6), (2.8), (2.9), and (2.10) with
those in Eq. (2.18).

For example, Sugiura et al. (2018a) use the following types of the equation of continuity,

motion, and energy:

dp; Pi, o oy O
dt —ij;(vj = v) g Wlai — ), h), (2.19)
j J 7
dv* af‘ﬁ oP 5] 0
oS ot Ty d W (@i =@, h). (2.20)
J v J i

+Z—

where 1I;; is the artificial viscosity term, which is necessary to treat shock waves and stabilize

, — | W(|x; — x|, h), 2.21
o “wlm - aln, @2

numerical simulations. There are many forms of the artificial viscosity term, but the most

common form of II;; is as follows (Monaghan 1992):

—Qlyislij (Cs,i+cs,j)/2+ﬁvis;u$‘
Hzg = (pitpj)/2 ’ (vi - vj) ) (ml - wj) <0
0 (’l)i—’l)j)'<$i—w]‘)>0
h('vi — ’Uj) . (CBZ — mj)

. 2.22
(x; —x;)? + 0.01h2 (222)

Mij =
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Here, ayis and ;s are the parameters for the artificial viscosity, and throughout this dissertation
we use ayis = 1.0 and S = 2.0.
Sugiura et al. (2018a) also use the following form of the time-evolution equation of the

deviatoric stress tensor:

dS?B ap _ 1 af ay pBy By pa
o = o <ei ik ) + SR 4 SPYRYT, (2.23)
where
1,00 o’
of _ _( i i > 2.24
1,00 o’
Rqﬂz_<_z_ ) 2.25
7 2 837? axla ( )
and the velocity gradients are evaluated as
81}? My a\T BY 9
027 = ; p—j(?}j — )L @W(‘wi — x|, h),
L, = (Z@ 0 W(|e; — x;|,h) ® (x; — :ci))_l. (2.26)
pj aml Jb J

j
Here, L; is the correction matrix necessary to describe rigid body rotations correctly (Bonet
and Lok 1999), and ® represents the tensor product. We leave the detailed explanation of the
correction matrix to Section 2.1.7.

The density is calculated using both Egs. (2.11) and (2.19). However, Eq.(2.11) causes
problems around surfaces of solid bodies. The density around free surfaces calculated through
Eq. (2.11) is smaller than the uncompressed density, and the pressure is negative through the
equation of state. Thus such unphysical pressure around free surfaces deforms solid bodies
(Monaghan 1988). The problem is prevented by setting the initial density of all SPH particles
to undeformed density and calculating the density using Eq. (2.19), which represents the time-

evolution equation for the density.

2.1.4 Equations for Godunov SPH Method and Tensile Instability

Now we have the complete set of the equations for elastic dynamics in the standard SPH

method listed in Section 2.1.3. However, the SPH method has one serious problem especially
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in simulations of pure elastic dynamics; the tensile instability (e.g., Swegle et al. 1995). The
tensile instability is a numerical instability that is prominent in tension-dominated regions, or
negative pressure regions and produces unphysical clustering of SPH particles, which leads to
unphysical fracturing of elastic bodies (see Swegle et al. 1995 and Gray et al. 2001). Thus, we
need to suppress the tensile instability for the correct treatment of pure elastic bodies.

Several methods have been proposed to solve the tensile instability (e.g., Randles and Liber-
sky 1996; Chen et al. 1999; Sigalotti and Lépez 2008). The most common way to remove the
tensile instability is the method utilizing an artificial stress (Monaghan 2000; Gray et al. 2001).
The artificial stress is an additional repulsive force. Perturbations with longer wavelengths are
not affected by the artificial stress, and thus it safely removes the tensile instability, which is
the instability with short wavelength of 2h.

We also develop another way to remove the tensile instability based on the Godunov SPH
(Inutsuka 2002), which utilizes so-called Riemann solver to accurately resolve extremely strong
shock waves. Another prominent feature of the Godunov SPH method is that they evaluate
the convolution Eq. (2.17) more correctly by interpolating the distribution of the density and
other physical quantities. Let us briefly introduce the equations and the properties of the
Godunov SPH method according to Sugiura and Inutsuka (2016, 2017). We only introduce
how to formulate the equation of motion. See Appendix A.1 for the detailed formulations of
the equation of energy and the equation for time development of the deviatoric stress tensor.

We use the Gaussian kernel Eq. (2.12) for the Godunov SPH method. We formulate the
equation of motion for the Godunov SPH method through the convolution of Eq. (2.8), which

is represented as

dv dv®(x) 1 0
= W(lz —a|, h)de = | ———0"% (@)W (|z — x|, h)da. 2.27
= [ W e s = [ e @W (e sl e (221)
We further transform Eq. (2.27) using the identity Eq. (2.16) and integration by parts, and then
we achieve
dvy* o (x)r 0 0
e zj:mj/ (o) |57~ 37|V m W 2 = i, (228)

which is similar to Eq. (2.17). To evaluate the integral in Eq. (2.28), we interpolate the distri-
bution of the density and the stress tensor around the ¢-th and j-th particles. The interpolated
distributions are constructed from the density, the stress tensor, and the gradients of the den-

sity at the i-th and j-th particles. The gradients are calculated using, for example, Eq. (2.18).
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Then we approximate the distribution of the stress tensor as constant for the direction perpen-
dicular to ; — x; and linear for the direction parallel to ®; — x;. Similarly, we approximate
the distribution of p=2 as linear for the direction perpendicular to &; — ; and the distribution
of p~! as linear, cubic spline, and quintic spline for the direction parallel to @; — x;. This

approximation leads to

dvg ol )
dt Z Qmj"ijﬂ %?@W(m — x|, V2h), (2.29)
j i
o = =P + 557, (2.30)
e SIP g geP i SR
? J

Here, the formulas of Vj and s}; depend on the interpolation method of p~* for &; —x; direction,
i.e., linear, cubic spline, and quintic spline interpolation. See Sugiura and Inutsuka (2016) or
Appendix A.1 for the detailed equations of V;? and s;;. Moreover, the pressure resulted from
the Riemann solver is used for ;. The way to calculate P; using the quantities at the i-th and
Jj-th particles is described in Appendix A.2. Note that P is close to (P + P;)/2 for smooth
pressure distributions.

Sugiura and Inutsuka (2016) investigated the stability of Eq. (2.29) through the linear sta-
bility analysis. As a result, we found that the stability depends on the spatial dimensions, the
sign of pressure, and the interpolation method of p=2. See Appendix B for the detailes of the
linear stability analysis. We summarize the stability in Table 2.1. According to the columns
of Table 2.1 for two- and three-dimensions, the equation for the linear interpolation is stable
in positive pressure regions, and that for the cubic spline interpolation is stable in negative
pressure regions. Thus we can conduct numerical simulations of elastic dynamics stably if we
use the linear interpolation in regions with positive pressure and the cubic spline interpolation

in those with negative pressure.

2.1.5 Time Development Method

Now, we have the time development equations for the velocity (2.20) or (2.29), the density
(2.19), the specific internal energy (2.21), and the deviatoric stress tensor (2.23). There are
several time advancing schemes such as Euler, Runge-Kutta, and leapfrog integrator. In this
dissertation, we utilize the leapfrog integrator shown in Sugiura et al. (2018a), which has the

second-order accuracy in time.
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| | P>0,daim=1]P <0, dgimn=1] P >0, dgin =20r3 | P <0, dgym =2 0r 3

Linear O X O X
Cubic O X X O
Quintic X O X O

Table 2.1: Dependence of the stability on the spatial dimension, the interpolation methods,
and the sing of pressure. Circles (()) show stable interpolations and crosses (x) show unstable
interpolations. dg;, shows the number of dimensions and P shows the pressure. This table is
the same as Table 1 of Sugiura and Inutsuka (2016).

The detailed procedures of the leapfrog integrator are as follows: At the n-th step we update

the position of the i-th particle ' and other quantities of the i-th particle ¢ as

1 sdv;\"
P —ar oA o (SF) A
wl w’L +v’L —"_ 2 dt Y
1r/dg\m dg;\n+1
n+1 _ n - 7 2
G T +2[<dt) +<dt> }At’ (2:32)

where At is the timestep and ¢ = p, u, v, S®.

In Eq.(2.32), for example, v]"*! is determined by (dwv;/dt)"*'. However, to calculate
(dv;/dt)"*! with the equation of motion (2.20), we need v"*! and we cannot directly de-
rive vf“. Thus we update physical quantities as following procedure: Firstly, we predict the
quantities of the (n + 1)-th step only using the quantities of the n-th step as

dg;

¢ =q + (E)nm. (2.33)

At the same time we update the positions as Eq. (2.32). Then we calculate (dg;/dt)"** using g}
and z'*!, and we obtain ¢! from Eq. (2.32). We can reuse (dg;/dt)"*! at the next step, so that
we calculate the derivatives of the variables only once at every step. Moreover, if all variables
vary linearly in time, this procedure does not produce any integration error. Therefore, this
integration scheme has second-order accuracy in time.

According to the Courant condition, the timestep At is given by

h
Cs,i ’
where C; is the local bulk sound speed at the i-th particle. Bulk sound speed for elastic

At = min CCFL (234)

dynamics is defined as in Eq.(2.4). Even for other equation of state, Cs; is expressed as
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Cs; = /dP;/dp; and is calculated using p, u, and P of the i-th particle. We adopt the value
of CCFL = 0.5.

2.1.6 Test Simulations of SPH Method for Elastic Dynamics

We implemented both the standard SPH method and the Godunov SPH method in our simula-
tion code of elastic dynamics. We validate the Godunov SPH method through test simulations
for elastic bodies as shown in following subsections. These tests are also shown in Sugiura and
Inutsuka (2017). The standard SPH method cannot treat elastic dynamics problems stably
due to the tensile instability, but it only needs a low computational cost. Note that the tensile
instability is insignificant for asteroidal collisions because fractures of rocky material quickly

release negative pressure, and we can still utilize the standard SPH method for such problems.

Elastic Rings Collision

Firstly, let us introduce the test simulation that reproduces the collision of two elastic rings in
a two-dimensional configuration. We use the following unit system: The density is scaled using
undeformed density pg, the velocity is scaled using the bulk sound speed C, and the length is
scaled using the widths of rings w. Initially two rings are put with the distance between the
centers of two rings of 9w. The rings have the inner radii of 3w and the outer radii of 4w. We
put particles on square lattices within two rings with the smoothing length of A = 0.1w. The
shear modulus is set to u = 0.22C?py. The rings are not deformed initially, so that all the
densities are set to undeformed density pg, and all the deviatoric stress tensors are set to 0.
These rings collide with the relative velocity of 0.118Ck.

Figure 2.1 shows the behavior of the elastic rings calculated using the Godunov SPH method,
which validates the stability of the Godunov SPH method for the simulation of bounce off of
the two rings. The configurations of the colliding two rings are similar to those of Gray et al.

(2001).

Elastic Plate Oscillation

Secondly, to validate the Godunov SPH method in three-dimensional configurations, we simu-
late the oscillation of elastic plate with fixed end. The similar simulation but in two dimensions
was conducted by Gray et al. (2001). Lifshitz et al. (1986) provide the analytical solution for

extremely-thin-plate oscillations.
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Figure 2.1: Rubber rings collision calculated by the Godunov SPH method. This figure is the
same as Fig. 3 of Sugiura and Inutsuka (2017).

The same unit system as in the previous subsection is used except for the unit of length,
which is scaled by the thickness of the plate H. The plate has the length of L = 11H and the
width of W = 2H. We put particles on square lattices within the plate with h = 0.1w. u is set
to 0.5C?py. The positions of particles that exist within 1H from left end of the plate are fixed
to represent fixed end of the plate. As in the previous subsection, we set initial densities to pg
and initial deviatoric stress tensors to 0.

y component of the velocity v, at the initial condition is given as

Yoy [M (cos(kx) — cosh(kz)) — N(sin(kz) — sinh(kx))]
a7 Q ’

where z is the x position, V; is the velocity normalized by the bulk sound speed at the free

(2.35)

edge of the plate,

M = sin(kL) + sinh(kL),
N = cos(kL) + cosh(kL),
Q) = 2(cos(kL)sinh(kL) — sin(kL) cosh(kL)), (2.36)

and k is a kind of the wave number, which is given by the solution of
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cos(kL) cosh(kL) = —1, (2.37)

kL = 1.875 for a fundamental mode. In this simulation, we set Vy = 0.05.

time = 0.000000 time = 250.000000

Zpo§ition

[SREENO NS
o

Zoposition

time = 500.000000 time = 750.000000
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Zposition

o s
ocw = un

Figure 2.2: Oscillation of plate calculated by the Godunov SPH method. This figure is taken
from Fig.5 of Sugiura and Inutsuka (2017).

Figure 2.2 shows the result of the simulation using the Godunov SPH method, which shows
that our method calculates the oscillation stably.
According to Lifshitz et al. (1986), the angular frequency (=2 /oscillation period) of an

extremely thin plate is written as

.,  EH?(!
C12p(1 —v?)’
where F represents the Young’s modulus and v represents the Poisson’s ratio, which are ex-

w

(2.38)

pressed using the bulk modulus K and the shear modulus p as

5o 9K 1 |
3K +p
3K —2u
= —. 2.39
Y 23K + p) (2.39)

The angular frequency using the parameters utilized in our simulation then becomes w =

0.01201C,/H, which leads to the analytical period of the oscillation of the extremely thin plate
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2
Tiveo = — = 523.2H/C,. (2.40)
w

Our simulation gives the period of Ty, ~ 665H/C;. The difference between the analytical and
simulated periods is expected to decrease with decreasing the ratio of the width to length of
the plate W/L. We also conduct the same simulations but with L = 15H and L = 20H. The
oscillation periods with L = 15H and L = 20H are 1406 H/C and 2353H/Cj, respectively. The
errors between simulated and theoretical results (=(Ttheo — Tsim)/Ttheo) is 27.3% for L = 10H,,
19.5% for L = 15H, and 12.5% for L = 20H, respectively: The errors significantly decrease
with decreasing W/ L.

2.1.7 Correction Matrix and Rigid Body Rotation

In this section, we will explain why we need the correction matrix L; in the calculation of the
velocity gradient Eq. (2.26).
The velocity gradient is also calculated without the correction matrix as follows (Libersky

and Petschek 1991):

o Mi, o oy O

j
However, this equation leads to the erroneous velocity gradient around surfaces of bodies. To

show this, we consider a body doing a rigid body rotation with an angular velocity vector
w = (wy,wy,w,) and the center of the rotation at the origin of a coordinate. The velocity at

the position x is expressed as

vV=w X T. (2.42)

Here, we define the velocity gradient matrix W so that a3 component of W has 9v®/dx”. For
the rigid body rotation, W is expressed as

0 —w, wy
—Wy Wy 0

We also notice the following relationship:

v=Wg. (2.44)
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The velocity gradient evaluated by SPH approximation Eq. (2.41) becomes

m; 0
Wepn = Y —(Wa; — W) ® 2 —W(|a; — a;], h)

m; 0
— W<Z p—jj(.’cj —xz;) ® awiW(|mi —x;, h)), (2.45)
J

where 0/0x; = (0/0x;,0/0y;,0/0z;). The velocity gradient obtained from SPH approximation

Wpn matches the correct velocity gradient W only when

m; 0
where I is an identity matrix. However, Eq. (2.46) is not satisfied around surfaces of bodies,
which leads to the incorrect treatment of rigid body rotations.

To solve this problem, Bonet and Lok (1999) introduced the correction matrix L; and they
replaced (0/0x;)W (|x; — x|, h) with L;(0/0x;)W (|z; — «;|,h). This replacement modifies

Eq. (2.46) as

m; 0

Z p—](iB] — ;) ® LZ%W(L’% — x|, h)

i M !

_ My o x| ML =1 2.4
(zJ: 5, (&= @) @ g Wl — el )> i (2.47)

To satisfy Eq. (2.47), L; should be determined as in Eq. (2.26). Introduction of L; leads to the
equation of the velocity gradient Eq. (2.26) and we can correctly describe rigid body rotations.

To show the validity of the correction matrix, we conduct a simple test simulation of the
rotation of an elastic sphere. We utilize the standard SPH method, and model the elastic
sphere using about 500 SPH particles. Here, we use the following unit system: The density
is scaled using undeformed density pg, the velocity is scaled using the bulk sound speed C,
and the length is scaled using the radius of the sphere R,;. The shear modulus is set to
p = 1.0C?p,. We initially put a rigid body rotation around z-axis with an angular frequency of
w, = (2m/100)(Cs/Rs) to the sphere, and calculate the motion of the sphere until one rotation.

Figure 2.3 shows the results of the simulations with and without the correction matrix. As
we notice from Fig. 2.3, in the simulation without the correction matrix, the rotation speed

decreases with time and the sphere finally does a counter rotation. This nonconservation of the
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Figure 2.3: Time evolution of the angular frequency of the rotating elastic sphere calculated
using the standard SPH method. The horizontal axis represents the elapsed time normalized by
the initial rotation period, and the vertical axis represents the angular frequency of the sphere.
The red solid curve shows the simulation with the correction matrix (Eq. (2.26)), and the blue
dashed curve shows the simulation without the correction matrix (Eq. (2.41)).

rotation speed or angular momentum is caused by unphysical torque due to the error of the
velocity gradient. In contrast, in the simulation with the correction matrix, the rotation speed
of the sphere is well conserved at least until one rotation. Thus the correction matrix is valid

for rigid body rotation problems.

2.2 Tillotson Equation of State

For elastic dynamics, we use the simple equation of state Eq.(2.4) where the pressure is pro-
portional to the density. However, Eq.(2.4) cannot treat the states caused by hypervelocity
impacts such as melting, vaporization, and extreme pressure produced by shock waves.

The tillotson equation of state is one of the most frequently used equation of states for
numerical simulations of celestial body impacts (e.g., Genda et al. 2012; Jutzi and Asphaug
2015; Leleu et al. 2018). Tillotson (1962) developed the tillotson equation of state for metallic
materials through laboratory experiments of impacts. For low-energy and low-deformation
states, the tillotson equation of state converges to elastic equation of state Eq.(2.4), and for
high-energy states, i.e., vaporized states, this converges to the ideal-gas equation of state.

Thus the tillotson equation of state can treat both low-energy elastic solids and high-energy
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vaporized gas. The tillotson equation of state has ten material dependent parameters. Later,
these material dependent parameters for basalt and ice are derived (O’Keefe and Ahrens 1982a;
O’Keefe and Ahrens 1982b; Lange and Ahrens 1983; Nakamura and Fujiwara 1991; Benz and
Asphaug 1999).

The tillotson equation of state has three different forms depending on the values of the
density and the specific internal energy. For p > py or u < u;,, where pg is the uncompressed

density and wu;, is the specific internal energy for incipient vaporization, the equation is

bei
(u/(uoun?) + 1)

where n = p/po and u = n—1. Eq. (2.48) is for compressed or cold expanded states. For p < pg

Qi) +

P = Py(p,u) = pu 4+ Agipt + B, (2.48)

and u > ue,, where u,, is the specific internal energy for complete vaporization, the equation is

beipu

P =P,(p,u) = ampu +
g(p ) til P (u/(u07t117]2)+1)

+ Atﬂueﬁm(po/pl)] efam(po/pfl)Q. (2.49)

Eq. (2.49) is for expanded and completely vaporized states. Finally, for p < pg and u;, < u <
Uey, the equation is
b (0= )Py ) + (tey = )P, ) 250

Uey — Uiy

Eq. (2.50) is for expanded and partially vaporized states. Here, po, wiy, Uey, o1, Atis B, Qi
b1, aui, and Py are the material dependent tillotson parameters.

Eq. (2.48) converges to elastic equation of state Eq. (2.4) if u — 0 and p =~ py. We also notice
that Ay is corresponding to the bulk modulus for low-temperature and nearly-uncompressed
states, and thus the bulk sound speed of the tillotson equation of state for such state is calculated
as

At

Ci il = : 2.51
il o (2.51)

Eq. (2.49) converges to the ideal gas equation of state if u — oo, and a4y and By control the

speed of the convergence to the ideal gas equation of state.
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2.3 Self Gravity

2.3.1 Self Gravity for SPH Method

The SPH method uses particles that mimic small fractions of fluid or elastic bodies, and each
SPH particle has its own mass. Thus, as in the case of N-body orbital simulations, the self-
gravity between the i-th and j-th SPH particles is directly calculated as

gij,simple = —ij |w (252)

where G is the gravitational constant.

However, Eq. (2.52) is not correct especially for close pairs of particles, because Eq. (2.52) is
derived using the assumption that all particles are point masses. As we introduced in Section
2.1.2, SPH particles are not point masses but have a kind of radii. We cannot ignore the
broadening of SPH particles especially for the calculation of the self gravity between close pairs
of particles. Crucially, Eq. (2.52) diverges if two particles are completely overlapped, but this
does not occur if we correctly treat the broadening of SPH particles.

Here, for the calculation of the self gravity between a pair of SPH particles, we only consider
the broadening of one particle of the pair. This seems to break the action-reaction principle,
which leads to nonconservation of the momentum, but our simulations do not have such problem
since we use the same broadening radius, or the smoothing length, for all SPH particles. Then

Eq. (2.52) is modified as

xT; — X,
gl Gm . )
! M — gl
|z —a5]
r :/ drr?m;W (r, h)dr. (2.53)
0

Eq. (2.53) converges to zero if |x; — ;| — 0.

The detailed expression of 712; in the case of the Gaussian kernel is

% _ [erf(|mi ; iL‘j|> B 2|£IZ\;;33‘| eXp<_|‘”i;—2"3J|2)], (2.54)

where erf is the error function, while that in the case of the cubic spline kernel is
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) 3(80)* = S(Ay)* + 3(Ay)° 0<Ay <1

m.

Ej, =9 5857 =3(Ay)  +5(Ay)° - 5(Ay)° — 5 1<A; <2, (2.55)
| 2< A,

where A;; = |z; — x;]|.

If we want to calculate the self gravity, the equation of motion Eq. (2.20) is modified as

w8 o0

_Z [ p is ] W(|z; — :cj|h+zgw (2.56)

J

2.3.2 Acceleration Scheme of Computation of Self Gravity

If we directly compute the self gravity between all pairs of SPH particles, the computational cost
increases with O(N?), where N is the total number of SPH particles. Thus the computational
cost is proportional to N2, which means that the direct computation of the self gravity is
difficult especially for large number of particles (typically more than 100,000).

Barnes and Hut (1986) developed a novel technique that utilizes a tree structured subdivision
of space, which enables us to reduce the computational cost to O(N log N). In this technique,
firstly we divide whole space that includes all SPH particles (root cell) into eight subcells, and
then we recursively divide each subcell into eight subcells whenever more than several particles
occupy the same cell. Then we calculate the total mass and the center of mass of SPH particles
that are included in each subcell. Finally we calculate the self gravity on an SPH particle from

all other particles as the following recursive procedure:

o We assess whether a subcell is sufficiently faraway from the particle or not with inequality
[/d < 0, where [ is the side length of this subcell, d is the distance from the particle to

the center of mass of this subcell, and 6 determines the accuracy and has 0.3 — 1.0 (A).

- If yes, we calculate the self gravity on the particle from the center of mass of this subcell

as the representative gravity from all particles in this subcell.

- If no, we do the same assessment (A) for direct subcells of this subcell.

The assessment (A) is firstly done for the root cell. If leaf cells do not satisfy the condition
l/d < 6, then we directly calculate the gravity from the particles in leaf cells. Following this

procedure, we can reduce the computational cost to O(N log N).
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2.4 Fracture Model

In Section 2.1, we introduced how to simulate the dynamics of elastic bodies. Asteroids are
certainly elastic bodies if deformation is small. However, asteroids are rocky material, which
is fractured under large deformation. Thus we need an appropriate model for the fracture to
describe collisional destruction. In this section, we will explain the fracture model for the SPH
method introduced by Benz and Asphaug (1995), who follow the fracture model of brittle solids
developed by Grady and Kipp (1980).

2.4.1 Concept of Fracture Model

Rock is fractured under large tensile forces. Rocks do not have uniform strength, but there are
some weak parts and also some strong parts. Fractures are typically generated at weak parts
and extended to other parts.

Benz and Asphaug (1995) assume the existence of explicit incipient flaws in rocky material.
The probability distribution of the strength of incipient flaws is expressed as Weibull distribu-
tion (Weibull 1939). The probable number of flaws per unit volume that have the failure strain

smaller than € is expressed as a power law form

n(e) = k™, (2.57)

where k,, and m,, are the Weibull parameters, which can be determined from laboratory exper-
iments. The parameter k,, determines the number of flaws per unit volume and widely varies
between various rock types. The parameter m,, determines the dispersion of strengths; small
m,, means rocks with widely varying strengths, while large m,, means homogeneous rocks. m,,
typically has the value from 6 to 12. Note that the Weibull distribution itself does not have
the information about the position or direction of flaws. Using Eq. (2.57), we can also derive a
flaw’s activation threshold of strain e for a flaw.

Here, we consider a part of a rock. When local tensile strain has exceeded a threshold of
strain for a flaw, a crack is generated and allowed to grow. According to Lawn (1993), the
speed of crack extension is a constant Cy, which is about 0.4 times the speed of a longitudinal

sound wave. Thus the length of the growing crack [, is expressed as

I = C,(t — t), (2.58)
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where t; is the time of crack generation. Grady and Kipp (1980) introduced a damage parameter
D that has the range of 0 — 1. D = 0 represents an intact rock, while D = 1 represents a
completely damaged rock that does not feel any tensile stress. A rock with D = 0.5 feels only
half of the original tensile stress calculated from elastic dynamics equations. Benz and Asphaug
(1995) defined D as the local fraction of volume that has relieved stress by cracks. According
to Walsh (1965), the volume that has relieved stress by a crack approximately equals to the
volume of the sphere with the radius of the crack length. Thus D is expressed as

(4/3)l2
p = 2T
Ve

where V, = (4/3)m R? is the volume of the part of a rock that we consider now. Using Egs. (2.58)

(2.59)

and (2.59), we can derive the differential equation for D as

dDY3  C,
b7 :Eg. (2.60)

Tensile force, that is, negative pressure is relieved by fractures. According to the definition

of D, the pressure is modified as

_f 1-D)P P<O
PD—{ P P>0 - (2.61)

Pp is used in the equation of motion and so on as the pressure. Shear force, that is, the
deviatoric stress is also affected by fractures. However, the deviatoric stress in a part with
D =1 is mainly determined by the friction between completely destructed rock. Thus we leave

the explanation of the treatment of the deviatoric stress for damaged rock to Section 2.5.

2.4.2 SPH Implementation of Fracture Model

According to Benz and Asphaug (1995), we explicitly assign threshold strains for crack acti-
vation to each SPH particle when we prepare initial conditions. We consider an asteroid with

total volume of V. The weakest flaw has the threshold strain of

€t — [k:wiv} e (2.62)

In the same manner, the p-th weakest flaw has the threshold strain of

€t — [k;va} e (2.63)
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act

We randomly choose an SPH particle and assign a threshold €2 with p = 1 to this particle,

p
and next we choose another SPH particle randomly and assign a threshold eZCt with p =2, and
next we choose another one and assign that with p = 3 ---. We continue this procedure until

all SPH particles have at least one activation threshold. Each SPH particle has, on average,
In N flaws, where N is the number of SPH particles. Hereafter, we represent the threshold

act

strain for the p-th weakest flaw assigned to the i-th SPH particle as €

i,p °
According to Melosh et al. (1992) or Benz and Asphaug (1995), the local strain at the i-th
SPH particle is calculated from the damage-relieved stress tensor a%? = —Pp 0’ + Sgi, where

ngi- is the damage-relieved deviatoric stress tensor and will be introduced in Section 2.5. We
firstly calculate the three principal stresses U}jﬂ-, 0’%7“ and O'SDJ-, which are the eigenvalues of the
damage-relieved stress tensor. Then we find the maximum principal stress ol ;, which is the
maximum tensile stress among the three principal stresses. The local strain at the i-th SPH

particle ¢; is calculate as

TDi
(1-D,)E’
where £ = 9K /(3K + p) is the Young’s modulus.

(2.64)

€ =

If at least one of the flaws inside of the i-th particle is activated, i.e, at least one of € is

smaller than ¢;, the damage parameter D; increases according to
an;”  ¢c,

= —. 2.
dt Ry (2.65)

Here, R, = 4h for the Gaussian kernel and Ry = 2h for the cubic spline kernel. However, D; is

only allowed to accumulate to a maximum value given by

max Y 1/3
Di = (nt-"t) ) (266)

where nf°* is the total number of flaws inside of the i-th particle, and n; is the number of
activated flaws inside of the i-th particle. If multiple flaws are activated, the damage parameter
will increase faster, and thus we multiply n; to the right hand side of Eq. (2.65). According to

Eq. (2.61), the pressure of the i-th particle is modified as

_J =Dy)P P <0
PD,Z{Pi b (2.67)
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2.5 Pressure Dependent Failure Model and Friction Model

Benz and Asphaug (1995) set Sgﬁ = (1 — D)S* for damaged SPH particles. This means that
completely damaged SPH particles with D = 1 behave like fluid that does not feel any tensile
and shear stresses. However, completely damaged rocks, or granular material, have the friction
between granular particles. The frictional forces are shear forces and play the crucial role for
the shape formation of rubble pile bodies. Jutzi (2015) introduced the friction model to the
SPH method, and he also introduced the pressure dependent failure model for intact rocks. In
this section, we will introduce these models. We also show the results of the test simulations
using our SPH code with the friction model, since the friction is the most important effect for

the formation of the shapes of rubble pile bodies.

2.5.1 Description of Models

Actual metals are not perfect elastic bodies but plastic deformation occurs under large defor-
mation. It is called as yielding, and the criterion of yielding for metallic material is described
by the pressure independent von Mises yield criterion. However, yielding criterion of rocky
material is pressure dependent, and the shear strength of intact rocks increases with increasing
confining pressure. According to Collins et al. (2004) or Jutzi (2015), the pressure dependent
yielding strength for the intact rock at the i-th SPH particle Y; is expressed as

P, 0S,% i
Yo=Y = (Yo + T )(1--—"=),
1+ MIPpos,i/(YM — }/0) Umelt
Ppos,i = maX[Piv 0]7
u; = min|u;, Unelt), (2.68)

where Yy and Y); are the yielding strength at zero pressure and infinite pressure, respectively,

ur is the coefficient of internal friction, and ey is the specific internal energy for melting.
For completely damaged rocks, the yielding strength is determined by the friction. As we

know, the friction is proportional to confined pressure. Thus the yielding strength for the

completely damaged rock at the i-th SPH particle is expressed as

}/i = YD,i = Mdpi,posa (269)
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where 4 is the friction coefficient, which is the most important parameter for our study. The
angle of friction is defined as ¢4 = arctan(uy) and generally the same as the angle of repose.
Note that g here merely determines the ratio of frictional stress to confined pressure.

For partially damaged rocks, we use the following yielding strength that allows a smooth

transition between Egs. (2.68) and (2.69) according to Jutzi (2015):

Yi=(Di = 1)Yr; + DiYp,. (2.70)

Here, we use the following limitations Yp,; < Y7, and Y; < Y7,.

To implement the yielding, we usually utilize the second invariant of the deviatoric stress

tensor J,;, which is computed as

J

)

1
i =555 (2.71)

\/J2 is a kind of the magnitude of the deviatoric stress tensor S;' f and S /./ Ja; represents a
kind of the unit vector of this deviatoric stress tensor. Thus Y;S;* A /~/J2.; has the magnitude of
Y; and the direction of S} p. Y; S g /+/J2; represents the shear stress under the yielding. If the

magnitude /J,; is larger than Y, the yielding occurs and the deviatoric stress tensor should
be modified to Y;S;" A //J2;. Thus we modify the deviatoric stress tensor as

Sy = 1877, (2.72)
f= min[ , 1].

2

In each time step, we also modify S’ as 7 = Sgi-.

2.5.2 Test Simulations for Friction Model

To confirm the validity of the friction model implemented in our simulation code, we conduct
the test simulations that reproduce cliff collapse experiments following the test simulations in
Jutzi (2015). Lajeunesse et al. (2005) conducted the laboratory experiments of the cliff collapse
of glass beads in a two-dimensional configuration. They conducted the experiments with grass
beads with diameters of 1.15mm and 3 mm, various initial height of cliff Hy, and various initial
ratios of length of cliff L to height of cliff Hy. As a result, they found that final configurations

are only depending on the friction angle of granular material and the initial aspect ratio Lo/ Hj.
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They also found that the profiles of cliffs at different times and different experiments are barely
distinguishable when the profiles are scaled by Ly and the times are scaled by the characteristic
time 7 = \/m, where ¢ is the gravitational acceleration on surfaces of the Earth.

For the simulation of the cliff collapse, we use the standard SPH method and the cubic
spline kernel. The damage parameters of all SPH particles are initially set to unity, and
thus SPH particles mimic granular material. The friction coefficient is set to pug = tan(20.9°)
according to Jutzi (2015). We use the simple equation of state Eq. (2.4) with Cs = 500m/s
and py = 1500kg/m?, which are the typical values for granular material. We do not calculate
the self gravity, but add the downward gravitational acceleration g to the equation of motion
of SPH particles. To mimic the wall and floor in the experiments, we put several layers of SPH
particles with fixed positions on just outside of the simulation space. We set Lo = 1,000m to

avoid too small time steps (see Eq. (2.34)). Although the length of cliff is much larger than the

experimental scale, this is not the problem because results can be scaled by Ly and 7.
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Figure 2.4: The profiles of collapsing cliff with Hy/Ly = 3.2 at (a) t = 7 and (b) ¢ = co. The
red solid curves show the results of our simulations, the blue dashed curves show the results of
the simulations of Jutzi (2015), and the cyan shaded regions show the results obtained from the
experiments of Lajeunesse et al. (2005). The results of the experiments are shown in shaded
regions because we describe the profiles obtained from several experiments with the same Lo/ Hy
and the friction angle together, which have small scatters.

Figure 2.4 shows the comparison between our simulations, the simulations of Jutzi (2015),
and the experiments of Lajeunesse et al. (2005), and we notice that these results agree well with

each other. Therefore, our simulation code can well reproduce behaviors of granular bodies.
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2.6 Parallelization of Simulation Code Using FDPS

In this dissertation, we reproduce the three-dimensional shapes of asteroids through numerical
simulations using the SPH method. Three-dimensional simulations require larger number of
SPH particles compared to one- or two-dimensional simulations. Especially, to investigate
the shapes of smaller remnants produced through disruptive impacts, we need much larger
number of SPH particles of about several millions. We cannot complete such high-resolution
simulations with a normal laptop PC within acceptable computational time, and we need to
utilize supercomputers. This means that we have to parallelize our simulation code to utilize
many CPU cores.

Usual supercomputers are composed of PC clusters with distributed memories. Thus for
efficient parallelization, we have to consider the amount of sending/receiving data and load
balancing between CPU cores. If the amount of sending/receiving data is too large or workload
balance is not good, the parallelization efficiency becomes significantly low, which means that it
is meaningless to utilize many CPU cores. However, in general, it is very difficult to parallelize
particle-based simulation codes so that they achieve high parallelization efficiency, because
particles move from one CPU domain to the other. Thus we need to reassign SPH particles
to other CPU cores so as to keep good workload balance. Moreover, the simulation codes that
calculate the self gravity using the tree method (see Section 2.3.2) are so complex that usual
researchers cannot parallelize such codes with acceptable efforts.

To support the parallelization of codes based on particle methods, the particle simulator
research team, AICS, RIKEN developed Framework for Developing Particle Simulator (FDPS:
Iwasawa et al. 2015, 2016). FDPS is a framework to support developing efficiently-parallelized
simulation codes that are based on particle methods. FDPS provides functions for exchanging
information of particles between CPUs and those for load balancing. FDPS also provides
a function to calculate the self gravity using the tree method shown in Section 2.3.2. We
parallelize our simulation code using FDPS. Therefore, thanks to FDPS, we effectively use
parallel computers for our simulations.

We checked the parallelization efficiency of our simulation code. We calculated the paral-
lelization efficiency through the strong scaling, i.e., we measured the elapsed times needed to
simulate the problem with fixed number of SPH particles but with various number of CPU
cores. We used the standard SPH method with the cubic spline kernel. We used about 10®
SPH particles and solved an elastic problem for 10 time steps. We utilized XC30 system of
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Center for Computational Astrophysics, National Astronomical Observatory of Japan.
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Figure 2.5: Parallelization efficiency of our simulation code. The red solid line shows elapsed
times and the blue dashed line shows parallelization efficiency defined as Eq. (2.73). The hor-
izontal axis represents the number of utilized CPU cores, the left vertical axis represents the
elapsed time, and the right vertical axis represents the parallelization efficiency.

We vary utilized CPU cores from 192 to 2,064. The parallelization efficiency is calculated

based on the elapsed time when we use 192 cores as

efficiency = 1927°(192)/(nT'(n)), (2.73)

where n is the number of utilized CPU cores and T'(n) shows the elapsed time to simulate
the elastic problem when we use n CPU cores. From Fig. 2.5, we notice that the elapsed time
decreases linearly with increasing the number of utilized CPU cores. We also notice that the
parallelization efficiency when we use 2,064 CPU cores is about 0.8, which is the quite high
efficiency. This means that the elapsed time with 2064 CPU cores is about nine times shorter
than that with 192 CPU cores. Thus, our simulation code is well efficiently parallelized thanks
to FDPS.

2.7 Summary of Utilized Methods and Parameters

As we explain in Section 2.1.6, the tensile instability is insignificant for simulations of asteroidal

impacts. Thus hereafter, we utilize the standard SPH method that needs low computational
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costs to conduct detailed parameter surveys or high-resolution simulations. We also utilize the
following methods or models: the leap-frog integrator (Section 2.1.5), the correction matrix for
rigid body rotations (Section 2.1.7), the tillotson equation of state (Section 2.2), the self gravity
(Section 2.3), the fracture model (Section 2.4), the pressure dependent failure model (Section

2.5), and the friction model (Section 2.5).

p(Pa) K (Pa)
2.27 x 101" 2.67 x 101°

Table 2.2: Parameters for elastic dynamics. p shows the shear modulus and K shows the bulk
modulus.

po(kg/m3) Uiv(J/kg) Ucv(J/kg) Uo,til(J/kg) Atﬂ(Pa) Btil(P a) agi b aw B

2.7 x 103 4.72 x 10° 1.82 x 10" 4.87 x 10® 2.67 x 10! 267 x 101 0.5 1.5 50 5.0

Table 2.3: Tillotson parameters for basalt. These values are listed in Benz and Asphaug (1999).

kw(m™3)  my,
4.0 x 10% 9.0

Table 2.4: Parameters for the fracture model, or Weibull parameters. These values are listed
in Benz and Asphaug (1999).

Yb(Pa) YM(Pa) K1 umelt(J/kg)
1.0 x 108 35x10° 1.5 3.4 x10°

Table 2.5: Parameters for the pressure dependent failure model. The values for Yy, Y),, and p;
are taken from Jutzi (2015). The value for upey is listed in Benz and Asphaug (1999).

Throughout this dissertation, we assume the material of asteroids as basalt. There are many
material dependent parameters required for the simulations of asteroidal collisions such as the
shear modulus or tillotson parameters. Here, we summarize the parameters utilized for the
simulations in following sections. These parameters are summarized in Table 2.2 - 2.5. Note
that we vary the friction angle in Chapter 5 and we do not list the value of the friction angle

here.



Chapter 3

Results: Shapes of Impact Outcomes

In this chapter, we introduce the results of our simulations that investigate the shapes of
asteroids formed through various impacts. DAMIT database provides almost all of the shapes
of the asteroids with the diameters larger than 100 km. Thus, throughout this chapter, the
radius of target asteroids is fixed to 50km to allow us to directly compare the results of our
simulations with the shapes of actual asteroids. We vary the impact angle, the impact velocity,
and the ratio of the mass of impactor asteroids to that of target asteroids, and we conduct

various impact simulations. Some parts of this chapter are based on Sugiura et al. (2018a).

3.1 Imitial Conditions of Impacts

For simplicity, we use a sphere of basalt with zero rotation as an initial asteroid. The radius
of target asteroids is set to R, = 50km, and thus the mass of target asteroids is Miarger =
dmpoR2 /3, where po is the uncompressed density of basalt, which is the same as py of the
tillotson parameter.

For a basaltic asteroid with the radius of 50 km or smaller, the density at the center in hy-
drostatic equilibrium is almost the same as uncompressed density. Thus we set initial asteroids
to be uniform spheres with the mean density of basalt. To do so, an isotropic SPH particle
distribution is more preferable than, for example, particles placed on cubic lattices, so that we
prepare a particle distribution with uniform disposition from a random distribution. Detailed
procedures to produce the uniform and isotropic particle distribution are as follows: Firstly we
put SPH particles within a cubic domain with periodic boundary conditions randomly so that
desired resolution and desired mean density are achieved. Secondly we let the particles move
under the forces anti-parallel to density gradients that make the particle distribution uniform

until the standard deviation of density becomes less than 0.1% of the mean density. Finally,

20
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we remove particles outside a shell with the desired radius, and then a uniform and isotropic

sphere is obtained.

X

Z

Figure 3.1: Impact geometry, coordinate system, and the definition of the impact velocity v,
and angle Oy,

We define the impact velocity v, as the relative velocity between two asteroids at the
time of impact, and the impact angle 6;,, as the angle between the line joining centers of two
asteroids and the relative velocity vector at the time of impact. Thus the impact angle of 0°
means a head-on collision, and that of 90° means a grazing collision. We also define the mass
ratio ¢ = M;/Miarger, where M; = (4/3)7R?py is the mass of impactor asteroids and R; is the
radius of impactor asteroids. Fig. 3.1 schematically shows the definition of the impact velocity
and angle. At the beginning of simulations, centers of two asteroids are apart at a distance of
2(R: + R;).

We assume the friction coefficient for completely damaged material of py = tan(40°) =
0.839, which corresponds to a material with the angle of friction of ¢4 = 40°. Note that the
angle of friction of lunar sand is estimated to be 30° — 50° (e.g., Heiken et al. 1991), which
is consistent with the angle of friction estimated from surface slopes of the asteroid Itokawa

(Fujiwara et al. 2006).
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3.2 Analysis of Results

We conduct simulations of impacts and subsequent gravitational reaccumulation over a period
of 1.0 x 10°s. The typical timescale of reaccumulation is estimated as t,.. = 2R, /Vesc.t, where

Vese,t 1S the escape velocity from target asteroids. The value of ¢, is calculated as

2R, 3
tace = —% = 4 ~ 1600 s. 3.1
Vesc 27TG:00 i ( )

Thus 1.0 x 10°s is about 100 times longer than the typical timescale of reaccumulation, and

we also confirmed that gravitational reaccumulation is sufficiently finished after 1.0 x 10°s.
After collisional simulations, we identify remnants using a friends-of-friends algorithm (e.g.,
Huchra and Geller 1982). We find swarms of SPH particles with spacing less than 1.5h and
swarms are identified with remnants. Then we evaluate the shapes of remnants. To do so,
we quantitatively measure the axis lengths of remnants using the inertia moment tensor. We
approximate a remnant as an ellipsoid that has the same inertia moment tensor and mass, and
then we identify the axis lengths of the ellipsoid with those of the remnant. The inertia moment

tensor of a remnant composed of & SPH particles is calculated as

19 = 3" (] = o) (@] — 280 = (2 = 1) (o] — 2ond) . (3:2)
k

where ooy is the position vector at the center of mass of the remnant. Then, three principal
moments of inertia I;, I, and I3 are obtained from I*?. Here, I; > I, > I;. For a uniform
ellipsoid with the length of major axis a, intermediate axis b, and minor axis ¢, the three

principal moments of inertia are represented as

[ _ 2 2
1 20(& +b>M,
1
I, =—(a®>+AM
9 20(a + )M,
1
Iy = %(zﬂ + )M, (3.3)

where M is the mass of this ellipsoid. Eq. (3.3) is rewritten as
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L \/10([1 + 1, — I)

M )
- \/10(11 — I+ I3)
— 7 ,
10(=11 + I + I3)
c \/ i (3.4)

Therefore, we obtain I, Iy, I3, and M of remnants through simulations, and then derive those
a, b, and ¢ from Eq. (3.4).

It should be noted that the bodies resulting from simulations are not perfect ellipsoids. The
obtained axis ratios are thus different from those measured in, e.g., the bottom-up method
that is usually used in laboratory experiments (e.g., Fujiwara et al. 1978). In this method,
the axis lengths of a remnant are defined as distances between a pair of parallel plates that
contact with the remnant. The detailed procedure to measure the axis lengths in the bottom-up
method is as follows: Firstly, we identify the minor axis length ¢ with the minimum distance
among distances between parallel plates, and define the direction normal to the plates when
the distance is minimum as the minor axis. Secondly, we identify the intermediate axis length
b with the minimum distance among distances between parallel plates when the directions
normal to the plates are perpendicular to the minor axis, and also define the intermediate axis.
Finally, we identify the major axis length a as the distance between the parallel plates when
the direction normal to the plates is perpendicular to both the minor and intermediate axes.

As shown in Appendix A of Michikami et al. (2018), the difference of axis ratios obtained
from different methods is at most about 0.1; the axis ratios include measurement errors of
~ 0.1. If the difference of the axis ratios of two different remnants are larger than 0.1, these

remnants have quantitatively different shapes.

3.3 Equal-Mass and Non-Destructive Impacts

In this section, we will introduce the results of our simulations of equal-mass and non-destructive
impacts. We set the mass of impactor asteroids to M; = Miarget, and we conduct various impact
simulations with various impact velocities and angles. We focus on non-destructive impacts that
have the mass of the largest remnants larger than 0.4M;areet, and investigate the shapes of the
largest remnants. The total number of SPH particles for each impact simulation is set to

100, 000, which is relatively low resolution but enables to reveal the detailed dependence of
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resultant shapes on impact velocities and angles. The validity of this number of SPH particles

is investigated in Section 3.3.1.

3.3.1 Resolution Dependence on the Resultant Shape

100 km
(@0s (b) 2000 s

(d)20000s * () 30000 s

(c) 6000 s

x| (£ 500005

T

i

[ g : e

Figure 3.2: Snapshots of the impact simulation with the impact angle 6y, of 15°, the impact
velocity vimp of 200m/s and the total number of SPH particles Niya of 1 x 105 at 0.0s(a),
2.0 x 10%s(b), 6.0 x 103s(c), 2.0 x 10*s(d), 3.0 x 10*s(e), and 5.0 x 10*s(f). Scale on the panel
(a) is also valid for all the panels (b)-(f). This figure is the same as Fig.2 of Sugiura et al.
(2018a).

Figure 3.2 represents snapshots of the SPH simulation with the impact angle 6;,,, of 15° and
the impact velocity viy,p of 200m/s. In Fig.3.2b, the collision induces shattering of asteroids.
Then two asteroids are stretched in the direction perpendicular to the line joining centers of
two contacting asteroids and fragments are ejected (Fig.3.2c). Ejected materials are mainly
reaccumulated from the direction of the long axis of the largest remnant (Fig.3.2d). Finally
a very elongated shape with the ratio b/a of about 0.2 is formed (Fig.3.2f). The accretion on
the largest body is mostly done within ¢ ~ 5.0 x 10%s.

Figure 3.3 shows the shapes of the largest remnants at 5.0 x 10*s with three different
resolutions (the total number of SPH particles Nioa of 5 x 10%(a), 2 x 105(b), and 8 x 10°(c)).
Even if Ni.a becomes ten times larger, the characteristic of elongated shapes does not change.
Figure 3.4 shows the dependence of the mass and axis ratios of the largest remnants on the

number of SPH particles Ny The mass of the largest remnants slightly decreases with
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Figure 3.3: Shapes of the largest remnants at 5.0 x 10*s for the impact simulations with
Vimp = 200m/8, Oipp = 15°, and Nigga = 5 X 10%(a), 2 x 10°(b), and 8 x 10°(c), respectively.
This figure is the same as Fig. 3 of Sugiura et al. (2018a).
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Figure 3.4: Dependence of the mass and axis ratios of the largest remnants on the number of
SPH particles Niota for the impact with 6y, = 15° and vy, = 200m/s. The red solid line
shows the ratio b/a, the green dashed line shows the ratio ¢/a, and the blue dotted line shows
the mass of the largest remnants M), normalized by the mass of an initial asteroid Miager. The
left vertical axis represents the axis ratios, and the right vertical axis represents the mass of
the largest remnant. This figure is the same as Fig. 4 of Sugiura et al. (2018a).

increasing Nioa1 because the numerical dissipation by the artificial viscosity decreases for higher
resolutions. This tendency is the same as the results of Genda et al. (2015). The axis ratios
slightly increase with increasing Nioia1, and the difference of b/a between Ny of 5 x 10* and
8 x 10° is about 0.03. Difference of axis ratios less than 0.1 is unimportant for the analysis
of asteroidal shapes because difference of axis measurements also causes such minor errors as
discussed above. Therefore, the number of SPH particles of 10° is sufficient to capture at least

the feature of shapes for non-destructive impacts.
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3.3.2 DMass of the Largest Remnants

Hereafter, we use 10 SPH particles for a simulation, and we measure the mass and axis ratios

of the largest remnants at 1.0 x 10°s after impacts.
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Figure 3.5: Dependence of the mass of the largest remnants on the impact velocity viy,, and the
impact angle 6,,,. The upper horizontal axis represents viy,, normalized by two-body escape
velocity vese. The color shows the mass of the largest remnants M), normalized by the mass
of an initial asteroid Miarget. Thus My /Miarget = 2.0 means complete merging. The hatched
region apploximately shows the transitional parameters from merging collisions to hit-and-run
or elosive collisions. This figure is the same as Fig. 5 of Sugiura et al. (2018a).

Figure 3.5 shows the mass of the largest remnants M, formed through collisions with vy, =
50m/s — 400m/s and 6, = 5° — 45°. The increment of the velocity is 25m/s, and that of
the angle is 5°. For i, < 15°, My, ~ 2Miarger due to collisional merging for low vipp, and M),
gradually decreases with increasing vin, because of erosive collisions. The impact parameters
for the transition between merging and erosive collisions are highlighted in Fig.3.5. On the
other hand, for i, > 20°, sharp variation in M, from ~ 2Murget t0 ~ Miarger is seen around
Uimp ~ 100m/s. This is because collisions with high viy,, result in a “hit-and-run” process where
two asteroids moving apart after the collision. The transition parameters between merging
and hit-and-run collisions are also highlighted in Fig.3.5. Erosive nature for low 6, and
merging/hit-and-run nature for high 6,,, are also observed in previous collisional simulations
(Agnor and Asphaug 2004; Leinhardt and Stewart 2012).

For vimp > 300m/s, M), has a minimum value at 6iy,, ~ 15° (see Fig.3.5). For head-on
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collisions, the most of the impact energy is dissipated and not transformed to the ejection
processes, which results in large M. For slightly higher 6,,, the impact energy is more
effectively used for ejection, and thus the mass of the largest remnant M), becomes smaller.
However, for much higher 6;,,,, the velocity component normal to colliding bodies is small, so
that the impact energy is not effectively used for destruction and ejection, which results in
larger M. Therefore, an intermediate 8;.,, yields smallest M.

We note that collisions with vy, > 400m/s and low 6y, result in M), < 0.1Maeer. The
largest remnants resulting from such impacts are composed of less than about 5,000 SPH
particles, and resolved by less than 20 SPH particles along each axis direction. Thus axis
ratios obtained from such a small number of SPH particles are not measured accurately. Our
simulations of impacts with parameters outside those of Fig.3.5 show that impacts with vy, =
500m/s and iy, = 5 — 25° result in My, /Miarger = 0.01 — 0.07. For 6iy,, > 45°, only edges of
asteroids are destroyed by collisions rather than overall deformation, so that the investigation of
such impact angles is not interesting. For example, our impact simulations with 6;,,, = 60° and
Vimp = 100—500 m /s result in My, /Miarger = 0.91—0.99, which means merely partial destruction.
Therefore, we investigate the collisions with 50m/s < vy, < 400m/s and 5° < Oy, < 45°,
because in this parameter range the resolution of the largest remnants is mainly sufficient and

significant shape deformation occurs.

3.3.3 Characteristic Shapes Formed by Collisions

As a result of impact simulations with 50m/s < vy, < 400m/s and 5° < 6y, < 45°, we find
that resultant shapes of the largest remnants are roughly classified into five categories. Here, we
introduce the results of typical impacts to form five different characteristic shapes, catastrophic

collisions, and the impacts with the second collision.

Bilobed Shapes

If the impact velocity is very small, the initial spherical shapes of colliding bodies are preserved
and collisional merging forms bilobed shape. Fig.3.6 shows impact snapshots with vin, =
50m/s and iy, = 30°. The impact forms a bilobed shape (Fig.3.6). The two-body escape
velocity vese s about 60 m/s, which is slightly larger than the impact velocity of this simulation.
For vjmp < Vesc, the impact energy is too small to largely deform the initial spherical shapes (see
Fig.3.6b,c), and colliding bodies are gravitationally bound. Thus the bilobed shapes resulting

from such low velocity impacts are independent of 6;y,p.



CHAPTER 3. RESULTS: SHAPES OF IMPACT OUTCOMES

(a)0's
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Figure 3.6: Snapshots of the impact simulation with 6;,, = 30° and vy, = 50m/s at 0.0s(a),
3.5 x 10%s(b), 1.0 x 10*s(c), and 5.0 x 10*s(d). This figure is the same as Fig.6 of Sugiura

et al. (2018a).

Spherical Shapes
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Figure 3.7: Snapshots of the impact simulation with 6iy,, = 10° and vi,, = 100m/s at 0.0s(a),
2.0 x 10*s(b), 1.0 x 10*s(c), and 5.0 x 10%s(d). This figure is the same as Fig.7 of Sugiura

et al. (2018a).
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The initial spherical shape is sufficiently deformed with vjy,, ~ 100m/s, which results in a
single sphere due to merging of two asteroids. Fig. 3.7 shows an impact producing a spherical
shape with vy, = 100m/s and 6;,,, = 10°. Collisional deformation (Fig.3.7b) and gravitational
reaccumulation (Fig. 3.7¢,d) results in a spherical shape.

It should be noted that a relatively low speed collision with 6y, > 40° results in local

destruction due to hit-and-run, whose outcome is also close to two spheres.

Flat Shapes

(b) 6000 s

%[ () 12000 s

(d) 16000 s ¥ )l ) 200005 i (f) 100000 s

Figure 3.8: Snapshots of the impact simulation with 6;,,, = 5° and v, = 200m/s at 0.0s(a),
6.0 x 103s(b), 1.2 x 10*s(c), 1.6 x 10*s(d), 2.0 x 10*s(e), and 1.0 x 10°s(f). This figure is the
same as Fig. 8 of Sugiura et al. (2018a).

Figure 3.8 shows impact snapshots with viy,, = 200m/s and iy, = 5°. The initial spherical
shapes are completely deformed (Fig. 3.8b,c), and the resultant shape is flat (Fig.3.8d-f). The
flat bodies are close to oblate shapes. The minor axis is formed in the direction perpendicular

to the angular momentum vector.

Elongated Shapes

A collision forming extremely elongated shape is shown in Fig.3.2. The collision results in
My ~ 2Marget; collisional merging mainly occurs.
Some hit-and-run collisions also produce elongated shapes. Fig.3.9 shows snapshots of

the impact with vy,, = 250m/s and 6, = 20°, and Fig.3.10 shows a zoom out view of
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Figure 3.9: Snapshots of the impact simulation with €;y,, = 20° and vi,, = 250m/s at 0.0s(a),
2.0 x 10%s(b), 1.0 x 10*s(c), 2.0 x 10*s(d), 5.0 x 10*s(e), and 1.0 x 105 s(f). This figure is the
same as Fig. 9 of Sugiura et al. (2018a).

Fig. 3.9f. The impact results in significant destruction and deformation (Fig. 3.9b,c). Although
two asteroids do not merge (Fig.3.10), the reaccretion of surrounding fragments produces two
elongated shapes (Fig.3.9d-f and Fig. 3.10). Note that the largest and second largest objects

in hit-and-run collisions have almost the same shape (Fig. 3.10).

Hemispherical Shapes

In Fig.3.11, we show an impact forming hemispherical shapes. Significant destruction oc-
curs around the impact point and a large amount of fragments is ejected straightforwardly

(Fig.3.11b). This collisional truncation results in hemispherical shapes (Fig.3.11c-e).

Super-Catastrophic Destruction

Figure 3.12 represents the result of the impact simulation with vy, = 400m/s and 6;,, = 5°.
The impact of very high vy, produces a large curtain of ejected fragments (Fig. 3.12b), and the
gravitational fragmentation of the curtain forms many clumps (Fig.3.12c). Then the largest
remnant is formed through the coalescence of clumps (Fig. 3.12d-f).

In collisions with M), < 0.4Miarget, the largest bodies are formed through significant reaccre-
tion of ejecta. Even small difference of initial conditions produces significant difference of the

distribution of ejecta, which leads to variety of shapes. Therefore, high-resolution simulations
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Figure 3.10: Zoom out view of the impact simulation with vy, = 250 m/s and 6y, = 20° at
1.0 x 10%s. Two enlarged figures represent the shape of the largest and second largest remnant,
respectively. This figure is the same as Fig. 10 of Sugiura et al. (2018a).

are required. We will introduce the results of high-resolution simulations of destructive impacts
in Section 3.5. Here, we just call impacts with M), < 0.4Mi,eet super-catastrophic destruction,

and do not classify shapes for such destructive impacts.

Elongated-Shape-Forming Impacts with the Second Collision

Figure 3.13 represents a collision with vy, = 175m/s and 6;,, = 20°, which results in the
second collision of two elongated objects. Asin Fig 3.2, the first collision produces two elongated
objects (Fig3.13b,c). However, the energy dissipation by the collision makes colliding bodies
gravitationally bounded (Fig. 3.13d), and the resultant body formed by the merging is no longer
elongated object (Fig.3.13e). Although the resultant body is not elongated, this impact is a

kind of elongated-shape-forming collision.
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Figure 3.11: Snapshots of the impact simulation with 6;,,, = 45° and vi,, = 350m/s at 0.0s(a),
2.0 x 10%s(b), 1.0 x 10*s(c), 2.0 x 10*s(d), and 1.0 x 10° s(e). This figure is the same as Fig. 11

of Sugiura et al. (2018a).
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Figure 3.12: Snapshots of the impact simulation with vy, = 400m/s and 6, = 5° at 0.0s(a),
2.0 x 103s(b), 2.6 x 10*s(c), 5.0 x 10*s(d), 8.0 x 10*s(e), and 1.0 x 10°s(f). This figure is the
same as Fig. 12 of Sugiura et al. (2018a).

3.3.4 Summary of Shapes Formed by Collisions

Figure 3.14 shows the axis ratios of the largest remnants formed through impacts with various

impact velocities and angles. For hit-and-run collisions, the largest and second largest bodies
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Figure 3.13: Snapshots of the impact simulation with vy, = 175 m/s and 6y, = 20° at 0.0s(a),
4.0x 10%s(b), 3.0 x 10*s(c), 7.0 x 10 s(d), and 1.0 x 10°s(e). This figure is the same as Fig. C.1
of Sugiura et al. (2018a).

have similar shapes as shown in Fig. 3.10. Thus if the mass ratio of the first to second largest
bodies is smaller than 2.0, we use the averaged values among two bodies for b/a and ¢/a. Note
that sharp variation of axis ratios at the hatched regions in Fig. 3.14 is caused by the transition
between merging and erosive or hit-and-run collisions.

Figure 3.15 shows the summary of the axis ratios of the largest remnants produced through
the non-destructive impacts with 50m/s < vy, < 400m/s, 5° < O, < 45°, and M), >
0.4Miarget. From Fig. 3.15, we notice that the equal-mass and non-destructive impacts produce
extremely elongated shapes with b/a < 0.4 and extremely flat shapes with b/a > 0.8 and
c/a < 0.6.

We categorize shapes of collisional outcomes into bilobed, spherical, flat, elongated, hemi-
spherical, and super-catastrophic destruction as shown in Table 3.1. The classification given
by Table 3.1 mainly corresponds to the shapes formed via the processes shown in Section
4.3. Fig. 3.16 shows impact parameters producing the classified shapes, which indicates vipyp ~
50m/s or Viyp ~ 100m/s and iy, > 25° (bilobed shapes), vVimp ~ 100m/s and iy, < 25°
(spherical shapes), viymp > 100m/s and viyp sin Oy, < 30m/s (flat shapes), vimp > 100m/s,
Vimp SIN Gip > 30m/s, and by, < 30° (elongated shapes), and vy, > 100m/s and 6, > 30°
(hemispherical shapes).

Note that two impacts resulting in flat shapes are in the elongated-shape region (vimp =
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Figure 3.14: Dependence of the ratios b/a and ¢/a of the largest remnants on vy, and ;,,,. The
color represents (a) the ratio b/a, (b) the ratio ¢/a, respectively. For impacts in cross-hatched
region, we do not measure the axis ratios of the largest remnants, because the mass of the
largest remnants is too small (smaller than 0.15 Miaget). The meaning of the hatched regions
is the same as in Fig. 3.5. Two parameters surrounded by green boxes represent impacts with
the second collision as shown in Fig3.13. This figure is the same as Fig. 13 of Sugiura et al.
(2018a).

175m/s, bimp = 20° and vy, = 300m/s, Oy, = 10°). These impacts correspond to elongated-

shape-forming collisions with the second collision as shown in Fig.3.13. We consider these

impacts as elongated-shape-forming collisions from the shapes observed in the simulations.
Based on the classification in Fig3.16, we find the specific conditions to determine the

shapes, which are written as
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Figure 3.15: Axis ratios of the largest remnants with M), > 0.4M;,ee; produced through equal-
mass and non-destructive impacts. The horizontal axis represents the ratio ¢/a, and the vertical
axis represents the ratio b/a. Each point shows the axis ratios of the largest remnant produced
through a non-destructive impact.

Shape Thresholds
Bilobed bja< 0.7 cja<0.7 My/Mpg = 1.0
Spherical b/a >0.7 c¢/a>0.7
Flat b/a>0.7 ¢/a<0.7 M;y/Marget > 1.0
Elongated b/a <0.7 ¢/a<0.7 My/My <1.0
Hemispherical b/a>0.7 ¢/a<0.7 M;y/Marget < 1.0
Super-catastrophic e ces My /Miarger < 0.4

Table 3.1: Thresholds of b/a, c¢/a, My /Miarget, and M, /M;o of the largest remnants for the
categorization of shapes, where Mo = Miarger + M; shows the total mass used in each impact
simulation. All impacts with M, /Miaeet < 0.4 are classified to super-catastrophic destruction
regardless of the values of b/a and ¢/a of the largest remnants.

e bilobed and spherical shapes: Vi, < 1.6V,
o flat shapes: vimp > 1.6Vesc and vipmp SN Oimp < 0.5V,

e hemispherical shapes: Vipp > 1.6Vese and Gipp > 30°,
and

hd elongated Shapes: Vimp > 1-6Uescv eimp < 3007 Vimp sin eimp > 0-5Uescy and er > 0-4Mtarget7
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Figure 3.16: Summary of the classification of resultant shapes. The blue squares represent the
impact parameters, Vi, and i, producing bilobed shapes, the gray triangles represent those
of spherical shapes, the orange inverted triangles represent those of flat shapes, the red circles
represent those of elongated shapes, the light green diamonds represent those of hemispherical
shapes, and the black crosses represent those for super-catastrophic destruction. The dotted
line shows Viyp = 1.6Vesc = 100m/s, the dashed line shows 6, = 30°, the chain curve shows
Vimp SIN Oy = 0.50esc = 30m/s, and the solid curve shows M), = 0.4M;arget. The meanings of
the hatched region and green boxes are the same as in Fig. 3.5 and Fig. 3.14. This figure is the
same as Fig. 14 of Sugiura et al. (2018a).

where two-body escape velocity ves. &= 60m/s. The hatched region in Fig.3.16 divides the
elongated-shape region into two parts. Elongated shapes formed with parameters in the left
part of the hatched region are formed by merging collisions (see Fig. 3.2), and those in the right

part are formed by hit-and-run collisions (see Fig. 3.9).

3.3.5 Discussion: Four Conditions Required for the Formation of
Elongated Shapes

The threshold of vy, > 1.6ves is required for significant deformation. We estimate necessary
impact velocity to deform asteroids as follows. Frictional force of 4P acts on the area of ~ 7 R?
and the energy dissipation occurs due to frictional deformation on the length scale of ~ 4R;.

The dissipated energy Fyg;s is estimated as

Egis = 47 R} 14 P. (3.5)
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The timescale for deformation of whole bodies is estimated to be 2R; /iy, which is much longer
than the shock passing time ~ 2R, /C;, where Cs ~ 3km/s is the sound speed. High pressure
states caused by shocks are already relaxed before the end of the deformation, and shocks do
not contribute to the pressure for frictional force given in Eq. (3.5). Therefore, the pressure is
mainly determined by the self-gravity and estimated to be central pressure of an asteroid with

the radius of R; and uniform density of pg, given by

2
P= ngpng. (3.6)

Equating the total initial kinetic energy for two equal-mass bodies (1/4) Miargerv2,, t0 Euis, We

imp

obtain the critical deformation velocity as

Vimp,crit = \/ 4Edis/Mtarget =V 3,udvesc

Hd
=1 —_— . .
587<ta1r1(400))vesC (87)

The impact velocity obtained in Eq. (3.7) well agrees with vy, = 1.60e in spite of rough
estimation of the dissipated energy Fgis.

The condition of 6;,, < 30° is needed for the avoidance of hemispherical shapes caused
by hit-and-run collisions. For 6;,,, > 30° half or smaller of a target is directly interacted by
an impactor, resulting in hit-and-run collisions (Asphaug 2010; Leinhardt and Stewart 2012).
To form elongated shapes, it is necessary for almost whole volume of two asteroids to be
deformed. For 6i,, < 30° most of two asteroids are directly affected by collisions, which leads
to deformation to be elongated shapes.

Collisional elongation requires large shear velocity vimpsin @i, > 0.50esc, While impacts
With Vi Sin Ginp < 0.5vese produce flat shapes. Elongated shapes are formed through stretch
of asteroids in the direction of shear velocity (see Figs.3.2 and 3.9). However, the self-gravity
prevents deformation, which occurs if Vimp Sin i,y < Vese. We find that elongation needs
Vimp SID Ginp > Vese /2.

Super-catastrophic destruction with My, < 0.4M;get produces many small remnants, which
mainly have spherical shapes as shown in Fig.3.12. Elongated shapes may not be formed
through super-catastrophic destruction. Thus for certain formation of elongated shapes, M, >
0.4 Miarget 1s Tequired.

Distribution of pressure is determined by the self-gravity unless the impact velocity is com-

parable to or larger than the sound speed. Since frictional force is proportional to the pressure,
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the friction is also determined by the self-gravity. Thus, unless the material strength is dom-
inant, force on bodies (the right hand side of the equation of motion) is solely determined by
the self-gravity, so that results of impacts are characterized by dimensionless velocity Vimp/vesc
regardless of the scale or size of asteroids. For rocky asteroids with R; > 0.5 km, the friction
is dominant rather than the material strength. For R, < 200km, v is smaller than 0.1C.
Therefore, the conditions to form elongated shapes and the shape classification of Fig. 3.16 with
upper horizontal axis are also valid for equal-mass impacts with the angle of friction of 40° and

10°km < R; < 10? km.

3.4 Unequal-Mass and Non-Destructive Impacts

In this section, we will introduce the asteroidal shapes formed through non-destructive impacts,
but we consider the cases that the mass of impactor asteroids is different from that of target
asteroids. We again focus on non-destructive impacts with M, > 0.4M,ee and investigate
the shapes of the largest remnants. Except for the impact simulations with the mass ratio
g = 1/64, the number of SPH particles for target asteroids is fixed to 50,000, which is the
same resolution as that in Section 3.3. For the simulations with ¢ = 1/64, we use 100,000 SPH

particles for target asteroids to use sufficient number of SPH particles for impactor asteroids.

3.4.1 Similar-Mass Impacts

Firstly, we will introduce the simulation results of impacts between two asteroids that have
relatively similar masses. We conduct the simulations with the mass ratios of ¢ = 0.75, 0.50,
and 0.25. We vary the impact angle from 5° to 45° with the increment of 5°. We also vary
the impact velocity from 50m/s to 600 m/s with the increment of 50 m/s, which is the wider
range but the larger increment of the impact velocity compared to the parameter survey for
the equal-mass impacts in Section 3.3.

Figure 3.17 shows the summary of the mass and axis ratios of the largest remnants. From
the panels of M, /Maeer in Fig. 3.17, we observe clear boundaries between merging collisions
and erosive/hit-and-run collisions for all of three mass ratios. We also notice that the impacts
with viyp = 600m/s and by, = 5° result in My, < 0.4Miuget, 1-€., catastrophic disruption,
even with ¢ = 0.25. Thus the impacts with 50m/s < vy, < 600m/s include various types of
collisions, namely, merging collisions, hit-and-run collisions, and catastrophic disruptions.

From panels of b/a and ¢/a in Fig. 3.17, we observe the entire tendency that the axis ratios
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Figure 3.17: Summary of the mass and axis ratios of the largest remnants produced through
the impacts with three different mass ratios. Each row shows the results of the impacts with
(a) ¢ = 0.75, (b) ¢ = 0.50, and (c¢) ¢ = 0.25, respectively. Each color of contour shows
My /Miarger (red), b/a (blue), and c¢/a (green) of the largest remnants, respectively. In the
panels that show M),/ Miarget, black regions show the impacts with M), &~ M, i.e., the impacts
resulting in merging collisions. In each panel, the horizontal axis represents the impact velocity,
and the vertical axis represents the impact angle. The impacts in cross-hatched region have

M, < 0.15Miarget, and we do not measure the axis ratios.

increase with decreasing the mass ratios. This means that the impacts with high-mass ratios

are difficult to produce irregular shapes. Especially, this tendency is clear for b/a; b/a =~ 1 for

almost all of impacts with ¢ = 0.25. Thus, non-destructive impacts with high-mass ratios do

not produce elongated shapes of the largest remnants.

The left panels of Fig. 3.18 show the shape classification of the largest remnants for similar-

mass impacts. We use the same threshold in Table 3.1 for the classification as that for the
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Figure 3.18: Summary of the classification of resultant shapes and the shape distribution of
the largest remnants produced through the impacts with three different mass ratios. Each row
shows the results of the impacts with (a) ¢ = 0.75, (b) ¢ = 0.50, and (c) ¢ = 0.25, respectively.
The left panels show the results of shape classification according to Table 3.1 with the horizontal
axis of the impact velocity and the vertical axis of the impact angle. The meanings of symbols
are the same as those of Fig.3.16. The right panels show the axis ratios with the horizontal
axis of ¢/a and the vertical axis of b/a.

equal-mass impacts. From Fig3.18a and b, we notice that the results of the classification
for ¢ = 0.75 and ¢ = 0.50 are similar to that of the equal-mass impacts (Fig.3.16): In the
impact velocity-angle diagram, the left parts are for bilobed shapes, the left-bottom parts are

for spherical shapes, the bottom parts are for flat shapes, the middle parts are for elongated
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shapes, the upper parts are for hemispherical shapes, and the right parts are for catastrophic
disruptions '. However, the result of the shape classification for ¢ = 0.25 is distinctly different
from that of the equal-mass impacts. There is no clear region for bilobed shapes and elongated
shapes. This is because the impacts with high-mass ratios tend to result in partial destruction
rather than overall deformation. Thus the various shapes of the largest remnants are only
formed through the impacts with ¢ > 0.5.

The right panels of Fig. 3.18 show the shape distribution of the largest remnants produced
through the similar and non-destructive impacts with My, > 0.4M;aree¢. From these panels,
we observe clearly that the number of elongated shapes of impact outcomes decreases with
decreasing the mass ratio q. Especially for ¢ = 0.25, even flat shapes with ¢/a ~ 0.5 are not

found. Thus, to produce extreme shapes, we need non-destructive impacts with ¢ > 0.5.

3.4.2 Impacts with Large Mass Ratios

Secondly, we will introduce the results of the impacts between two asteroids that have large
mass differences. We investigate asteroidal collisions with the mass ratios of ¢ = 1/8 and 1/64,
i.e., even the ratio of the radius R;/R; is smaller than 0.5. For ¢ = 1/8, we vary the impact
velocity from 125m/s to 2,500 m/s with the increment of 125m/s and the impact angle from
0° to 45° with the increment of 5°. For ¢ = 1/64, we vary the impact velocity from 500 m/s
to 3,000m/s with the increment of 250 m/s and the impact angle from 0° to 40° with the
increment of 10°.

Figure 3.19 summarizes the mass and the axis ratios of the largest remnants produced
through the high-mass-ratio impacts. From the panels of M), /Miaeet in Fig. 3.19, we notice that
our investigation of the high-mass-ratio impacts covers various impacts from non-destructive
impacts to destructive impacts especially for ¢ = 1/8. The parameter survey for ¢ = 1/64 also
includes destructive impacts with M), < 0.4Marget-

Figure 3.19 shows that the shapes of the largest remnants produced through the high-mass-
ratio impacts are only spherical and hemispherical shapes. The minimum b/a of the largest
remnants produced through the impacts with ¢ = 1/8 is about 0.8. All largest remnants
produced through the impacts with ¢ = 1/64 have b/a > 0.9. Thus, high-mass-ratio and
non-destructive impacts do not produce elongated shapes.

From the panels of ¢/a in Fig.3.19, we also notice the tendency that c¢/a increases with

"'We notice that there are some exceptions, but these exceptions are mainly caused by the thresholds we
determined for the equal-mass impacts. If we could find better thresholds, we might remove the exceptions.
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Figure 3.19: Summary of the mass and axis ratios of the largest remnants produced through
the high-mass-ratio impacts. Each row shows the results of the impacts with (a) ¢ = 1/8 and
(b) ¢ = 1/64, respectively. Each color of contour shows M), /Miaget (red), b/a (blue), and ¢/a
(green) of the largest remnants, respectively. In each panel, the horizontal axis represents the
impact velocity, and the vertical axis represents the impact angle. The impacts in cross-hatched
region have My, < 0.15M;arget, and we do not measure the axis ratios.

decreasing ¢. The minimum c¢/a resulted from the impacts with ¢ = 1/8 is about 0.6, while
that resulted from the impacts with ¢ = 1/64 is about 0.7. This is because high-mass-ratio
and non-destructive impacts mainly result in cratering. High-mass-ratio impacts do not pro-
duce largely irregular shapes even if the impacts result in relatively destructive impacts with
My, = 0.5Miaget, because such impacts mainly eject materials around impact cites rather
than overall deformation. Therefore, our simulations suggest that high-mass-ratio and non-

destructive impacts with ¢ < 1/64 do not produce irregular shapes of the largest remnants.

3.5 Destructive Impacts

To investigate the shapes of small remnants produced through destructive impacts, we conduct
high-resolution simulations of catastrophic destruction. We use about 4 million SPH particles
for each impact simulation and conduct four simulations with the following conditions: ¢ =1,

Oimp = 15°, Uimp = 350m/s; ¢ = 1/4, Oimp = 15°, Vi = 700m/s; ¢ = 1/8, Oy = 0°,
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Uimp = 1,000m/s; and g = 1/16, Oipnp = 15°, Uy = 1,700m/s.

Figure 3.20 shows the snapshots of the impacts with ¢ = 1, €iyp = 15°, vip = 350m/s
and ¢ = 1/8, Opp = 0°, Vyyp = 1,000m/s. We notice that the catastrophic destruction
produces large ejecta curtains regardless of the detailed impact conditions such as the mass
ratio (Fig.3.20a-2 and c-2). The destructive impacts produce thin ejecta curtains (Fig. 3.20b-2
and d-2), and the gravitational instability and fragmentation of the curtains produce many
filamentary structures (Fig.3.20a-4 and c-4). The gravitational reaccumulation of fragments
in the filamentary structures (Fig.3.20a-5 and c-5) eventually leads to the formation of many
small remnants (Fig. 3.20a-6 and c-6). Note that these processes do not depend on the detailed
impact conditions as long as impacts result in catastrophic destruction.

Figure 3.21 shows the cumulative mass distributions of the remnants produced through
four destructive impacts. From Fig.3.21, we notice that the masses of the largest remnants
produced through the impacts with ¢ = 1, Gip = 15° Ui = 350m/s; ¢ = 1/4, Oy = 15°,
Uimp = 700m/s; and ¢ = 1/16, Oy = 15°, Vi = 1,700m/s are about 0.1Mapge, While that
with ¢ = 1/8, Oimp = 0°, Vipp = 1,000m/s is about 0.01Miaeet. We also notice that the ratios
of the mass of the largest to that of the second largest for the impacts with ¢ = 1, 6, = 15°,
Uimp = 350m/s and ¢ = 1/8, bimp = 0°, vimp = 1,000m/s are about unity, while those with
q=1/4, bimp = 15°, Vi = 700m/s and g = 1/16, Oipp = 15°, vy, = 1,700 m/s are less than
0.1. We do not investigate the dependence of the feature of cumulative mass distributions on
the impact conditions in more detail, but it should be noted that not only the mass of the
largest remnants but also the ratios of the mass of the largest to the second largest probably
have important information to reveal impact conditions to form asteroid families.

If a remnant is composed of 5,000 SPH particles, this remnant is resolved by about 20 SPH
particles along axis directions. This number of SPH particles is considered to be sufficient to
measure the shape of such remnant. Thus, we measure the axis ratios of remnants composed of
5,000 or more SPH particles. From Fig. 3.21, we notice that the number of the remnants with
5,000 or more SPH particles for the impacts with ¢ = 1, € = 15° vimp = 350m/s is 69, that
with ¢ = 1/4, imp = 15°, Uimp = 700m/s is 24, that with ¢ = 1/8, Oipp = 0°, Vipmp = 1,000m/s
is 30, and that with ¢ = 1/16, binp = 15°, vimp = 1,700m/s is 13. Thus the total number of
the remnants with measured shapes is sufficient to statistically discuss the shape distribution
of remnants produced through destructive impacts.

Figure 3.22 shows the snapshots of the main remnants produced through the impact with

q =1, bimp = 15° Vimp = 350m/s. From Fig.3.22, we notice that the most remnants have
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the rounded shapes rather than irregular shapes. This is because the remnants are produced
through violent reaccumulation of fragments; strong gravitational effect tends to produce spher-
ical bodies. However, we also notice that some remnants have the characteristic shapes with
two lobes. These bilobed shapes are formed through coalescence of two rounded remnants.
Fig. 3.22 shows the tendency that the smaller remnants have more rounded shapes. This may
be caused by the weak mutual gravity between smaller remnants; they do not coalesce each
other due to the weak mutual gravity, which leads to let these shapes remain spherical ones.

Figure 3.23 shows the dependence of \/b_c/a on the mass of the remnants. As shown in
Schwartz et al. (2018), \/E/ a represents the shape irregularity of remnants, and smaller \/b_c/ a
means more irregular shapes. From Fig. 3.23, we notice the tendency that the smaller remnants
have more rounded shapes for all the impacts, especially for the equal-mass impact as we already
notice in Fig. 3.22. Schwartz et al. (2018) also investigated the shape distribution of remnants
produced through several catastrophic impacts through simulations using the particle based
code of the soft sphere model. However, they do not observe the tendency of \/b_c/ a on the
mass of the remnants. This discrepancy may be caused by the difference of simulation methods.
Thus, in our future works, we will investigate the detailed dependence of shape distribution of
produced remnants on simulation methods.

Figure 3.24 shows the shape distribution of the remnants produced through the destructive
impacts. From Fig. 3.24, we notice that all the destructive impacts mainly produce the spherical
shapes and also the irregular shapes with b/a ~ ¢/a =~ 0.5 that are mainly the bilobed shapes.
We also notice that the destructive impacts are difficult to produce flat shapes. Among the
remnants produced through the four impacts investigated here, there are only two flat shapes
with b/a > 0.8 and ¢/a < 0.6, and these flat shapes are produced by the equal-mass and
relatively low-velocity impact. Therefore, destructive impacts, especially high-velocity impacts,
do not produce flat shapes of asteroids.

In this section, we investigated the shapes of small remnants produce through destructive
impacts. However, small remnants are also ejected by relatively non-destructive impacts (see,
e.g., Fig.3.11b). The shapes of fine remnants produced through non-destructive impacts are
also determined by the reaccumulation of fragments. Thus we expect that the shapes of such

remnants resemble those formed through destructive impacts.
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Figure 3.20: Snapshots of the simulations of the destructive impacts. The panels (a-1) - (a-6)

and (b-1) - (b-6) show the face on views and the edge on views of the ejecta curtain produced

through the impact with ¢ = 1, ip = 15°, vy = 350m/s, respectively. The panels (c-1)

- (c-6) and (d-1) - (d-6) show the face on views and the edge on views of the ejecta curtain
produced through the impact with ¢ = 1/8, €inp = 0°, Vimp = 1,000m/s, respectively. Each

row shows the snapshots at 0.0s, 5.0 x 10%s, 1.5 x 10%*s, 2.5 x 10%s, 4.0 x 10*s, and , 1.0 x 10°s.
In the panels (a-1), (b-1), (c-1), and (d-1), we show the scales and the coordinate systems that

are valid for each column.
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Figure 3.21: Cumulative mass distributions of the remnants produced through the destructive
impacts. In each panel, the horizontal axis represents the mass of remnants M, normalized
by the mass of the target asteroids Miager, and the vertical axis represents the cumulative
number of remnants that have the mass larger than M,. The upper horizontal axis represents
the number of SPH particles that compose a remnant with the mass of M,. The panel (a)
shows the cumulative mass distribution resulted from the impact with ¢ = 1, i, = 15°,
Uimp = 350m/s, the panel (b) shows that with ¢ = 1/4, i, = 15°, Vimp = 700m/s, the panel
(c) shows that with ¢ = 1/8, Oimp = 0°, Vimp = 1,000m/s, and the panel (d) shows that with
q=1/16, biyp = 15°, Vi = 1,700m/s.
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Figure 3.22: Snapshots of the remnants produced through the impact with ¢ = 1, 6;,,, = 15°,
Uimp = 350m/s. We show the shapes of from the largest remnants (the remnant at the left
upper corner) to the 35th largest remnant (the remnant at the right bottom corner).
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Figure 3.23: Dependence of the shape irregularity on the mass of the remnants. The horizontal
axis represents the mass of the remnants normalized by that of the target asteroids, and the
vertical axis represents \/E/ a of the remnants. The red circles show the remnants produced
through the impact with ¢ = 1, €imp = 15°, Vimp = 350m/s, the green squares show those
with ¢ = 1/4, Oip = 15°, vy = 700m/s, the blue triangles show those with ¢ = 1/8,
Gimp = 0°, Vimp = 1,000m/s, and the brown diamonds show those with ¢ = 1/16, 6y, = 15°,
Vimp = 1, 700m/s.
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Figure 3.24: Shape distribution of the remnants produced through the destructive impacts.
The horizontal axis represents ¢/a of the remnants, and the vertical axis represents b/a of the
remnants. The red circles show the remnants produced through the impact with ¢ = 1, 0y =
15°, vimp = 350m/s, the green squares show those with ¢ = 1/4, 0y, = 15°, Vi = 700m/s, the
blue triangles show those with ¢ = 1/8, €imp = 0°, Vimp = 1,000m/s, and the brown diamonds
show those with ¢ = 1/16, Oipp = 15°, Uy = 1,700 m/s.



Chapter 4

Discussion: Collisional History of
Asteroids

In Chapter 3, we investigated shapes of asteroids formed through various impacts and found the
relationship between resultant shapes of collisional outcomes and the impact conditions such as
the impact velocity. The impact velocity is strongly affected by the environments of planetary
systems such as the exsitence of gas components or giant planets. Thus we may connect shapes
of asteroids to the environments or era when asteroids were formed. In this chapter, we discuss
the connection between shapes of asteroids and formation era. We investigate information of
actual asteroids including those shapes obtained from several databases, and we discuss the

suggestions obtained from shapes of actual asteroids.

4.1 Connection Between Shapes of Asteroids and Colli-
sional Environments

4.1.1 Summary of Shapes of Impact Outcomes

In Chapter 3, we investigated asteroidal shapes produced through the impacts with the 100 km
target asteroids. We classified impacts into three categories; equal-mass and non-destructive
impacts, unequal-mass and non-destructive impacts, and destructive impacts. Non-destructive
impacts mean the impacts with the mass of the largest remnants larger than 0.4Miaeec. We
will briefly introduce the shapes of asteroids produced through the three types of impacts.
Equal-mass and non-destructive impacts with vy, < 400m/s produce various shapes in-
cluding extremely elongated shapes (Fig. 3.2) and extremely flat shapes (Fig. 3.8). The shapes
of impact outcomes are depending on the impact conditions. Elongated shapes are formed

through the impacts with 2vese S Vimp S Hese and 15° < iy S 30°, and flat shapes are formed

79
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through the impacts with 20ese S Vimp S 4Vese and iy S 15° (Fig. 3.16). The most elongated
shape produced through the equal-mass and non-destructive impacts has b/a ~ 0.2 and the
most flat shape has ¢/a =~ 0.4 (Fig. 3.15).

Unequal-mass and non-destructive impacts are more difficult to produce irregular shapes
compared to equal-mass impacts. The impacts with ¢ = 0.5 still produce elongated shapes
with b/a ~ 0.6 (Fig.3.18b) and those with ¢ = 0.25 still produce flat shapes with ¢/a ~ 0.6
(Fig.3.18c). However, the most irregular shape produced through the impacts with ¢ = 1/8
has b/a ~ 1 and ¢/a ~ 0.6 (Fig.3.19a), and that produced through the impacts with ¢ = 1/64
has b/a ~ 1 and ¢/a ~ 0.7 (Fig.3.19b). Thus, the impacts with ¢ < 1/8 do not produce the
irregular shapes with ¢/a < 0.6.

Destructive impacts mainly produce spherical and bilobed shapes (Fig3.22). Intense grav-
itational reaccumulation of fragments after destructive impacts produce spherical remnants,
and the coalescence of spherical remnants produce bilobed shapes. We conduct the simulations
of the destructive impacts with various mass ratios and impact velocities up to about 2km/s
and find that every destructive impact produces spherical and bilobed shapes (Fig. 3.24). Some
bilobed remnants have b/a =~ 0.4. However, flat shapes are difficult to be formed through de-
structive impacts; among about 100 remnants produced through our destructive impacts, there

are only two flat remnants with ¢/a ~ 0.6, and there are no flat remnants with ¢/a < 0.5.

4.1.2 Impact Velocity and Collisional Environments

Primordial Environment

We will estimate the typical relative velocity between asteroids in the primordial environment.
We consider the era when protoplanets are under oligarchic growth, i.e., several protoplanets
with sufficient separations grow through the accretion of surrounding asteroids. In this era,
gas component of the protoplanetary disk still exists because Jupiter is not yet formed. The
random velocity between asteroids increases through viscous stirring of protoplanets, while the
random velocity decreases through gas drag.

The timescale of the viscous stirring is estimated as (e.g.,Ida and Makino 1993)

1 1 1 el \4
yis = = ( Jrel > ) (41>

2
NprotoTscat Urel NprotoUrel ﬂ-Rproto Vesc,p

where npoto i the number density of protoplanets, ogar = ﬂRf)mto(vescjp Jvra)? is the scattering

cross section of protoplanets, R0 is the radius of protoplanets, ves, is the escape velocity
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from protoplanets, and v, is the typical relative velocity between asteroids. We also denote
the mass of protoplanets as Mpoto = (4/ 3)7er,mtops, where p, is solid density. The number

density of protoplanets is estimated as

1
2ra - bsep . hast

: (4.2)

Nproto =

where a is the orbital semi-major axis, bs, is the orbital separation between protoplanets, and
hast is the scale height of asteroid disk. h, is estimated as e,qia, where e, is the typical
eccentricity of asteroids. Since e, vk = v, Where vk is the Keplerian velocity, h.g is written

as

hast - avrel/vK- (43)

The orbital separations between protoplanets are maintained to be several times of the mutual

hill radius (e.g., Kokubo and Ida 2002), and thus b, is written as

~ 2Mroo 1/3
bsep:bsep< 3;\)4t ) a,

where Bsep is a factor and typically has Esep ~ 10, and M, is the mass of the sun.

(4.4)

The timescale of the gas damping is estimated to be stopping time. For large asteroids with
the radius R,y = 50 km, gas drag law is described by Newton law. The stopping time is written
as (e.g.,Whipple 1972; Weidenschilling 1977)

6SRaS
t, = 2Psttast

)
PgasUrel

(4.5)

where pgas is the density of gas.
Equating Eq. (4.1) and Eq. (4.5), we achieve the relative velocity between asteroids at the

equilibrium as

. :30()( Rast >1/5<Mpr0to>1/3< a )7/10
ol 50km/  \ Miygars 3AU

~1/5 ~1/5 1/5
X ( pgas ) (bsep> ( pS ) m/S’ (46)
2x10%g/cm=3 10 lg/cm?

where My is the mass of Mars and 2x 1072 g/cm? is the typical gas density obtained from the

minimum mass solar nebula model (Hayashi 1981). Eq. (4.6) shows that the relative velocity

between asteroids is comparable to the escape velocity from asteroids with the radius 50 km
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until the mass of protoplanets grows to be Mars mass. Thus non-destructive impacts mainly

occur when the planet formation is ongoing.

Present Environment

In the present solar system, the impact velocity between asteroids is comparable to the Keple-
rian velocity because of the existence of the planets. The average relative velocity of asteroids is
roughly estimated as \/MUK, where e, and 7., are the average orbital eccentricity and
inclination, respectively. In the main belt, the Keplerian velocity is vx &~ 20 km/s. We achieve
the orbital elements of all observed asteroids from Jet Propulsion Laboratory (JPL) Small-
Body Database !, and the average eccentricity and inclination are calculated as e, = 0.15 and
iave = 0.13 (cf. Ueda et al. 2017). Thus, the average relative velocity is calculated as ~ 4 km/s.

We will also estimate the distribution of impact velocities between main-belt asteroids ac-
cording to the method for obtaining the relative velocity at the orbital crossing described in
Whitmire et al. (1998) and Kobayashi and Ida (2001). We consider two asteroids 1 and 2
orbiting around the sun. The orbital elements of asteroid 1 and 2 have subscripts of 1 and 2,
respectively. 7, f, a, e, i, 2, and w represent orbital radius, true anomaly, semi-major axis,
eccentricity, inclination, longitude of ascending node, and argument of pericenter, respectively,
and p = a(1 — €*). A® shows the difference of longitude of pericenters of two asteroids and is
defined as A® = Wy — Wy = (o + wa) — (21 + wy).

We assume the inclinations of two asteroids are small and set i; = i, = 0, which leads to

the simple condition of the orbital crossing of r; = ry. Thus the orbital crossing occurs when

(i_i)f f :Ozi_i+elcos(f27c—A@) _egcosfzC7 (47)
2=J2,c

o T pP1 P2 P1 P2
where f5. is the true anomaly of asteroid 2 at the orbital crossing. Note that we have the

relation of f; = fo — A® when two asteroids are located on the same line connecting the

asteroids and the sun. The solution for fs. of Eq(4.7) is given by

—-AB+£(CVC?+ B? — A?

B? 4 C? (48

cos fo. =

where

Thttps://ssd.jpl.nasa.gov/sbdb_query.cgi#x
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A =ps—p1,
B = e1py cos AL — eap,

C' = e1psin Aw. (4.9)

If the orbits of two asteroids intersect each other, Eq. (4.8) has physical solutions, which requires

C?>+ B*— A*>0. (4.10)

Note that Eq. (4.8) has two solutions, and thus f, . has two values if Eq. (4.10) is satisfied.

If Eq.(4.10) is satisfied, the orbits of two asteroids are crossing under the assumption of
i1 = 19 = 0. Then, we assess whether two asteroids collide each other or not in three-dimensional
space when f, = fo. and f; = fo. — Aw. The heights of two asteroids from the equatorial

plane of the sun are

21 =T Sin(fgjc — A(:) + wl)il,

Zy = Tesin( fo,c + wa )i, (4.11)

where 7. is the orbital radius at the orbital crossing given by
D2

T 1+ €2 COS fa.

Note that we still assume 2; and 75 are small, which leads to sini; ~ iy, cos?; =~ 0, siniy = 19,

Te (4.12)

and cosiy ~ 0. The collision occurs if |21 — 25| is smaller than (D; + Ds)/2, where D; and Dy
are the diameters of asteroid 1 and 2, respectively. Here, to increase the number of samples,

we use the more loose condition of

‘21 - 22’ < 5(D1 + Dg) (413)

If Eqgs (4.10) and (4.13) are satisfied, we calculate the relative velocity between two asteroids

v12 at the orbital crossing as follows:

o, :GMS[(elsin({;%— AD) B 62%2’C>2+ <\/T_Z:_1 B g)z

(z’l[cos(fzc — A® + wy) + €1 coswy] iy [cos(fa,c + w2) + €2 cos wo

VL VP2

)2} L (414)
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Figure 4.1: Cumulative distribution of impact velocities of possible collisions between main-
belt asteroids. The horizontal axis represents estimated impact velocity, and the vertical axis
represents the fraction of the impact velocity that is smaller than the value in the horizontal
axis. Blow-up figure shows the distribution for the lower impact velocity.

We evaluate whether the orbital crossing occurs or not using Eqgs (4.10) and (4.13) for each
pair of all observed asteroids in the main belt, and we calculate possible impact velocity as
Eq (4.14) if Eqs (4.10) and (4.13) are satisfied. The orbital elements of asteroids are obtained
from JPL Small-Body Database. Fig.4.1 shows the distribution of the possible impact velocity
between main-belt asteroids in the present main belt. The average impact velocity is calculated
as 5km/s, which is consistent with the rough estimation using the average eccentricity and
inclination. The fraction of the impact velocity smaller than 400 m/s is only about 0.2%. The
impact simulations in Section 3.3 show that equal-mass and non-destructive impacts require
Uimp < 400m/s, and thus similar-mass impacts in the present environment mainly result in

catastrophic destruction.

4.1.3 Shapes Formed in the Primordial and Present Environments

The impact velocity is comparable to the escape velocity from asteroids with the diameter
D = 100km in the primordial environment before the formation of Mars-mass protoplanets
(see Section 4.1.2). The asteroids with D > 100 km are mainly the largest bodies among aster-

oids (see Fig.1.2), and thus they mainly collide with similar-mass or smaller asteroids. As we
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investigated in Sections 3.3 and 3.4.1, similar-mass impacts, especially equal-mass impacts, pro-
duce various (bilobed, spherical, flat, elongated, and hemispherical) shapes including extremely
elongated and flat shapes. High-mass-ratio impacts in the primordial environment merely result
in crater formation or coalescence, and such impacts do not deform target asteroids. Although
high-mass-ratio impacts are more frequent than similar-mass impacts, the shapes of 100 km
asteroids are probably determined by the last similar-mass impacts.

In the present environment, the typical impact velocity is much larger than the escape ve-
locity from 100 km asteroids. The impacts with the impact velocity comparable to the escape
velocity may occur, but the fraction of such impacts is about 0.2%; such impacts rarely occur
(see Fig.4.1). Relatively similar-mass impacts with the impact velocity much larger than the
escape velocity result in destructive impacts. As we investigated in Section 3.5, destructive
impacts mainly produce spherical and bilobed shapes. Larger mass-ratio impacts may result
in non-destructive impacts with overall deformation of target asteroids. However, as we inves-
tigated in Section 3.4.2, such impacts do not produce the irregular shapes of target asteroids

with ¢/a < 0.6.

4.2 Comparison with Actual Asteroids

4.2.1 Databases Utilized in Our Analysis
DAMIT

Database of Asteroid Models from Inversion Technique? (DAMIT: Durech et al. 2010) is a
database that mainly includes the shape models of asteroids. The shape models of asteroids
stored in DAMIT are mainly obtained from light curves of asteroids through light curve inver-
sion technique (Kaasalainen and Torppa 2001; Kaasalainen et al. 2001). As of November 2018,
DAMIT provides the shape models of 1,609 asteroids.

Light curve inversion technique accurately measures the shapes of asteroids, at least the axis
ratio b/a of elongated asteroids. For example, b/a of the asteroid Itokawa obtained from the
light curve is about 0.5 (Kaasalainen et al. 2003), while that measured by the in-situ observation
is 0.55 (Fujiwara et al. 2006). Thus the shape models obtained from light curves has enough
accuracy to analyze the axis ratios of asteroids.

The shape models in DAMIT are represented as polyhedrons with triangular surface facets.

For each asteroids, DAMIT provides the file that includes the information of coordinates x,

Zhttp://astro.troja.mff.cuni.cz/projects/asteroids3D /web.php
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y, and z on the surface of the shape model. We utilize the coordinates of the surface of the
shape model to derive the axis ratios of asteroids. To measure the axis ratios of the shape
models of asteroids, we follow the bottom-up method (Fujiwara et al. 1978, see also Section
3.2). Note that the coordinates z, y, and z for the most shape models are normalized by the
volume of each shape model, so that we cannot achieve the information of the size of asteroids

from DAMIT.
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o
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Figure 4.2: Orbital elements of the asteroids of which shape models are stored in DAMIT. The
horizontal axis represents the orbital semi-major axis of the asteroids, and the vertical axis
represents the orbital eccentricity of the asteroids.

Figure 4.2 shows the orbital semi-major axis and eccentricity of the asteroids of which shape
models are stored in DAMIT. From Fig. 4.2, we notice that the most asteroids in DAMIT are
the main-belt asteroids, but some of them are the near-Earth asteroids, Hilda asteroids, and
Trojan asteroids.

Figure 4.3 shows the ratio of the number of the asteroids that are included in DAMIT to
that of all observed asteroids. We notice that DAMIT includes more than 50% of the asteroids
with the diameter D larger than 100 km, and thus the shapes of the almost all of the asteroids
> 100 km are measured. However, the shapes of only about 10% of asteroids with D > 10km
are measured. For the asteroids < 10km, the fraction of the asteroids with known shapes is

less than 1%.
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Figure 4.3: The ratio of the number of DAMIT asteroids to that of all observed asteroids.
The vertical axis represents the fraction, and the horizontal axis represents the diameter of
asteroids.

JPL Small-Body Database

Small-Body Database of Jet Propulsion Laboratory (JPL) provides the orbital and physical in-
formation of the asteroids. The physical information includes the diameter, absolute magnitude,
albedo, and rotation period. We utilize the diameters of asteroids listed in JPL Small-Body
Database to distinguish the shapes of larger asteroids and smaller asteroids.

The diameters of asteroids cannot be determined by solely the absolute magnitude in vis-
ible light, because the absolute magnitude depends on both of the diameter and the albedo,
and albedo is not well determined. Thus, the almost all of the diameters of asteroids in JPL
Small-Body Database are obtained from NEOWISE mission. NEOWISE mission was con-
ducted by the spacecraft Wide-field Infrared Survey Explorer (WISE). WISE observed various
objects including asteroids in infrared wavelengths. The magnitude of asteroids in infrared
wavelength is mainly determined by the temperature of asteroids and not strongly depends on
the albedo. Therefore, if we utilize both the magnitudes in visible and infrared wavelength, we

can accurately determine the diameters of asteroids.
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AstDyS-2

Asteroid Dynamics Site-2® (AstDyS-2) summarizes the orbital information of asteroids. The
information in AstDyS-2 includes that of asteroid families. From this database, we can find
that each asteroid is belonging to any family or not and the name of a family that each asteroid
belongs to. Asteroid families were formed through relatively recent impacts, and thus we
distinguish the asteroids that were affected by recent impacts and those are not affected using
the family information obtained from AstDyS-2.

The family classification of AstDyS-2 is based on Milani et al. (2014). Note that the results
of family classification depend on classification method. Throughout this study, we utilize the

family information obtained from AstDyS-2.

4.2.2 Fraction of Family Asteroids

Asteroids in asteroid families were formed in recent impacts. Although asteroid families are
dissipated with the typical timescale of about 1 Gyr, the fraction of family asteroids may tell
us how many asteroids were affected by recent destructive impacts. Thus, we will calculated
the dependence of the fraction of family asteroids on the diameters of asteroids. We use the
information of asteroid families obtained from AstDyS-2 and the diameters of asteroids obtained
from JPL Small Body Database.

Shapes of asteroids in asteroid families were mainly formed through recent destructive im-
pacts. However, the largest bodies of cratering families are not the case because those shapes
were not affected by family-forming impacts. To correctly detect the effect of recent destructive
impacts onto shapes of asteroids, we should remove the largest bodies of cratering families from
our analysis. Here, we consider the families with M), /M, > 0.8 as cratering families, where
M, is the mass of the largest bodies among asteroids in each family and M, is the total mass
of each family, i.e., the mass of the parent body. We calculate the ratio M), /M, using the

diameters of member asteroids as follows:

er o D13r
Mpb N ZnD?L,

where Dy, is the diameters of the largest bodies, D,, is the diameters of member asteroids,

(4.15)

and ) denotes the summation for all member asteroids. Here, we assume the density for all

asteroids is the same. Hereafter, family asteroids mean the asteroids in any families except

3http://hamilton.dm.unipi.it /astdys/index.php?pc=0
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for the largest asteroids in the cratering families, and non-family asteroids mean the largest

asteroids in the cratering families in addition to the asteroids that do not belong to any families.
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Figure 4.4: The fraction of family asteroids. The vertical axis represents the fraction, i.e., the
ratio of the number of family asteroids to that of all asteroids, and the horizontal axis represents
the diameters of asteroids.

Figure 4.4 shows the dependence of the fraction of family asteroids on the diameters of
asteroids. As we notice from Fig4.4, the fraction is less than 10% for the asteroids with
D > 100km, which is significantly smaller than that for smaller asteroids =~ 30%. This is
because the larger asteroids are difficult to be disrupted and the collisions that destroy the
larger asteroids are not frequent. Thus about 90% of asteroids with D > 100 km are probably
not affected by the recent destructive impacts. This is consistent with the collisional lifetime
estimated in O’Brien and Greenberg (2005); the collisional lifetimes for the asteroids > 100 km
are estimated to be about ten times longer than the age of the solar system (see Fig. 1.5), which
means that only about one tenth of asteroids are destructed within the timescale comparable
to the age of the solar system. Therefore, the shapes of larger asteroids may keep those formed
in the primordial environment.

We also notice from Fig4.4 that the fraction decreases with decreasing the diameters for the
asteroids with D < 10km. The timescale of the Yarkovsky effect for the asteroids with D =
1km is about ten times longer than the collisional lifetime (e.g., Morbidelli and Vokrouhlicky
2003). Thus this tendency is probably not caused by the dissipation due to the Yarkovsky effect.

Although we have not yet specified the reason of this tendency, we assume that this tendency
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is merely caused by the error of orbital elements or incompleteness of family classification due

to the smaller size of asteroids.

4.2.3 Asteroids Larger Than 100 km

As we showed in Section 4.2.2, the fraction of family asteroids with the diameter D > 100 km
is significantly smaller than that with D < 100 km, which means that the shapes of the larger
asteroids may be formed in the primordial environment. We showed in Section 4.1.2 that low-
velocity impacts in the primordial environment mainly result in non-destructive impacts, while
high-velocity impacts in the present environment mainly result in destructive impacts. Thus,
the comparison between the shapes of non-family and family asteroids with D > 100 km may
suggest the difference of the formation era, which leads to constrain when these asteroids were
formed. We also discuss the comparison between the results of our collisional simulations and

the shapes of actual asteroids.
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Figure 4.5: The axis ratio ¢/a of the asteroids with the diameters D larger than 100 km. The
vertical axis represents c¢/a, and the horizontal axis represents the diameter. The blue points
show the non-family asteroids, while the red points show the family asteroids.

Figure 4.5 shows the axis ratio ¢/a of the non-family and family asteroids with the diameters
> 100km. All family asteroids, which were affected by recent destructive impacts, have the
axis ratio ¢/a > 0.6, i.e., they have rounded shapes, while some of non-family asteroids have the
irregular shapes with ¢/a < 0.6. This may suggest the difference of the formation environment.

However, this tendency is not statistically significant. The number of the family asteroids that
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have the irregular shapes with ¢/a < 0.6 is zero among eight family asteroids, while the number
of the non-family asteroids that have the irregular shapes with ¢/a < 0.6 is 12 among 107 non-
family asteroids. The fraction of the irregular shapes of family asteroids is not so different from

that of non-family asteroids.
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Figure 4.6: Shape distributions of the actual asteroids and the remnants produced through our
simulations. In each panel, the horizontal axis represents the axis ratio ¢/a, and the vertical
axis represents the axis ratio b/a. The panel (a) shows the shape distribution of the actual non-
family asteroids with D > 100km, and the panel (b) shows that of the actual family asteroids.
The panels (¢) and (d) show those of the remnants produced through our non-destructive and
equal-mass impacts (see Fig. 3.15) and destructive impacts (see Fig. 3.24), respectively.

Figure 4.6a and b show the axis ratios of actual non-family and family asteroids, respectively.
Fig. 4.6b again shows that all of the shapes of the family asteroids with D > 100 km are rounded
shapes with ¢/a > 0.6, while Fig. 4.6a shows that the shapes of the non-family asteroids include
the extremely elongated shape with b/a & 0.4 or the extremely flat shapes with ¢/a ~ 0.4. From
the comparison between the shapes of the remnants produced through our simulations of the
destructive impacts (Fig.4.6d) and those of actual non-family asteroids (Fig.4.6a), we notice

that the destructive impacts, especially the unequal-mass impacts, are difficult to produce the
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flat shapes of the actual asteroids with ¢/a =~ 0.4. Note that the impacts with ¢ = 1 in
Fig4.6d has the impact velocity of vy, = 350m/s, which is still difficult to occur in the present
environment. In contrast, Fig.4.6c shows that non-destructive and equal-mass impacts can
produce flat shapes with c¢/a =~ 0.4.

As we discussed in Section 4.1.2, the impacts in the present environment mainly result in
destructive impacts, which do not lead to the formation of flat shapes. In contrast, the impacts
in the primordial environment mainly result in non-destructive impacts, so that the similar-
mass impacts in the primordial environment lead to the formation of flat shapes. Therefore, the
flat shapes of non-family asteroids with D > 100 km are likely to be formed in the primordial
environment before the formation of Jupiter, and remain the same until today.

Family asteroids were formed through recent destructive impacts (see Fig.1.4). However,
non-family asteroids were not necessarily formed in the primordial environment. They may have
been formed through recent destructive impacts, but they are no longer family asteroids due
to, for example, scattering through mean motion resonances with gas giants. The information
of shapes, especially flat shapes of asteroids, tells us they were surely formed in the primordial

environment through low-velocity impacts.

4.2.4 Asteroids Larger Than 10 km

The fraction of the family asteroids with D > 10km is much higher than that of the asteroids
with D > 100km (see Fig.4.4). Thus, it is less likely that the shapes of the asteroids with
D > 10km also keep those formed in the primordial environment. However, O’Brien and
Greenberg (2005) show that the collisional lifetimes for the asteroids with D = 10km are
comparable to the age of the solar system, which suggests that about half of such asteroids
may not experience recent destructive impacts. Moreover, Fig. 4.4 shows that about two third
of the asteroids with D = 10 km still do not belong to any family, which means that they may
not be affected by recent impacts. Thus, we may also find the difference of the shapes between
family and non-family asteroids with D > 10 km.

Figure 4.7 is the same as Fig.4.5, but for the asteroids with D > 10km. As we notice
from Fig. 4.7, the difference of ¢/a between the family and non-family asteroids is not apparent
compared to the asteroids with D > 100km. The fraction of the asteroids with c¢/a < 0.6
is similar for the family and non-family asteroids. The number of the family asteroids with
c/a < 0.6 is 120 among 237 family asteroids with D > 10km; the fraction is 50.6%. The

number of the non-family asteroids with ¢/a < 0.6 is 255 among 591 non-family asteroids
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Figure 4.7: Axis ratio c¢/a of the asteroids with D > 10km. The vertical axis represents c/a,
and the horizontal axis represents the diameter. The blue points show the non-family asteroids,
while the red points show the family asteroids.

with D > 10km; the fraction is 43.1%. Both non-destructive and destructive impacts produce
irregular shapes with smaller ¢/a; non-destructive impacts produce various irregular shapes
(see Fig.3.15), and destructive impacts produce bilobed shapes (see Fig.3.24). This suggests
that we cannot distinguish the family and non-family asteroids only with the ratio c¢/a.

As we investigated in Section 3.5, the destructive impacts are difficult to produce flat shapes.
Thus the fraction of flat shapes of family asteroids may be different from that of non-family
asteroids. Fig. 4.8 shows the shape distribution of the asteroids with D > 10km. Here, we
define the flat shapes as the shape with ¢/a < 0.6 and b/a > 0.8, and count the number of the
flat shapes for non-family and family asteroids. We find 50 non-family asteroids with the flat
shapes among 591 non-family asteroids; the fraction of the flat shapes is 8.5%. In contrast, we
find 9 family asteroids with the flat shapes among 237 family asteroids; the fraction is 3.8%.
Therefore, the fraction of the flat shapes of the non-family asteroids is more than twice as high
as that of the family asteroids; the fraction of the flat shapes of the family asteroids, which are
affected by recent destructive impacts, is significantly small. It is consistence with the result
of our simulations that destructive impacts are difficult to produce flat shapes.

Our simulations predict that destructive impacts do not produce flat shapes, and thus we
expect that the family asteroids do not include flat shapes. However, Fig. 4.8 shows that there

are several family asteroids with flat shapes. This may be caused by observational errors; it
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Figure 4.8: Shape distribution of the asteroids with D > 10km. The horizontal axis represents
the ratio ¢/a, and the vertical axis represents the ratio b/a. The blue points show the non-family
asteroids, while red points show the family asteroids.

might be difficult to distinguish flat shapes and elongated shapes solely by light curves because
both flat and elongated shapes cause brightness variations due to rotations, and flat shapes of
the family asteroids may be elongated shapes.

Although we have not yet specified the reason why the family asteroids with D > 10km
include flat shapes, there is one possible mechanism. The dispersion speed of family asteroids
just after the shattering of parent bodies is estimated to be ~ 100m/s (e.g., Michel et al. 2001);
the dispersion speed is comparable to the impact velocity of non-destructive impact in the
primordial environment. Shuttered bodies return to the place where family-forming impacts
occur after one or more revolutions around the sun, and they may collide with each other with
low impact velocities, which may result in the formation of flat shapes of family asteroids if
colliding two bodies have similar masses.

The reason why the family asteroids with D > 100 km do not include flat shapes is expected
to be rack of similar-mass family members. The family asteroids with D > 100km are mainly
the largest bodies among family members. The number of family members increases with
decreasing the size of members, and thus the number of similar-mass members for D > 100 km
is small: Similar-mass impacts between family members with D > 100 km are difficult to occur,
which may lead to the rack of flat family asteroids. We counted the number of similar-mass

asteroids (the mass ratio is larger than 0.5) among the members in the same families for eight
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family asteroids with D > 100km ((5) Astraea, (15) Eunomia, (423) Diotima, (85) lo, (104)
Klymene, (24) Themis, (171) Ophelia, and (221) Eos). The number of similar-mass members
is as follows: 1 for (5) Astraea, 0 for (15) Eunomia, 0 for (423) Diotima, 1 for (85) Io, 3 for
(104) Klymene, 0 for (24) Themis, 4 for (171) Ophelia, and 5 for (221) Eos. Thus the number
of similar-mass family members is in fact small for the family asteroids with D > 100 km.

In contrast, the number of similar-mass members for the family asteroids with D > 10km is
relatively large because they are not the largest bodies among asteroids in the same families. We
also counted the number of similar-mass members for nine family asteroids with the flat shapes
and D > 10km ((135) Hertha, (355) Gabriella, (1040) Klumpkea, (1286) Banachiewicza, (2962)
Otto, (6905) Miyazaki, (3261) Tvardovskij, (608) Adlfine, and (1836) Komarov). Six asteroids
among them indeed have large number of similar-mass members: 133 for (1286) Banachiewicza,
9 for (2962) Otto, 62 for (6905) Miyazaki, 90 for (3261) Tvardovskij, 151 for (608) Adlfine,
and 8 for (1836) Komarov. Thus the flat shapes of these family asteroids are possible to be
formed through low-velocity and similar-mass impacts between member asteroids. However,
the number of similar-mass members for three of them is very small: 0 for (135) Hertha, 0 for
(355) Gabriella, and 3 for (1040) Klumpkea. We do not know any mechanism to produce the
flat shapes of these family asteroids, and they may be interlopers that were non-family asteroids

in past.

4.2.5 Direction of Rotation Axis

We investigated collisional formation of elongated and flat shapes through equal-mass and low-
velocity impacts in Section 3.3. Our simulations predict that the rotation axis of elongated
bodies are perpendicular to the major axis and those of flat bodies are perpendicular to the
minor axis if these bodies are formed through equal-mass and low-velocity impacts. To verify
our prediction, we investigate the angles between rotation axis and the major or minor axis of
actual asteroids.

Figure 4.9a shows the angles between the rotation axis and the major axis of the elongated
asteroids with b/a < 0.6 and c¢/a < 0.6. From Fig.4.9a, we notice that all the elongated
asteroids have the rotation axis almost perpendicular to the major axis, which means that the
rotation axis almost aligns with the minor axis. The directions of the rotation axis of the
elongated asteroids are consistent with those of the elongated remnants formed through our
simulations of the equal-mass and low-velocity impacts (see e.g., Fig.3.2). From Fig.4.9b, we

notice that the almost all of the flat asteroids have the rotation axis aligned to the minor axis.
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Figure 4.9: Angles between rotation axis and the major or minor axis of the elongated or flat
asteroids, respectively. The horizontal axes for two panels show the diameters of the asteroids.
In the panel (a), the vertical axis represents the angles between the rotation axis and the major
axis of the elongated asteroids with b/a < 0.6 and ¢/a < 0.6. In the panel (b), the vertical axis
represents the angles between the rotation axis and the minor axis of the flat asteroids with
b/a > 0.8 and c¢/a < 0.6.

The directions of the rotation axis of the flat remnants produced through our simulations of
the equal-mass and low-velocity impacts are perpendicular to the minor axis (see Fig. 3.8), and
thus the directions of the rotation axis of the actual flat asteroids are inconsistent with the
results of our simulations.

In Section 4.2.3, we argued that the flat asteroids with D > 100 km were formed in the
primordial environment before the formation of Jupiter through similar-mass and low-velocity
impacts (see Fig. 3.8). The rotation axis of the produced flat remnants is perpendicular to the
minor axis and they rotate around the major axis. Rotation energy of the rotation around
the major axis is larger than that around the minor axis, and thus internal energy dissipation
causes gradual alignment of the rotation axis with the minor axis. Internal energy dissipation
is mainly caused by the deformation stress due to the gyroscopic torque and the stress due to
the deformation of the centrifugal bulge during wobble motions (Burns and Safronov 1973).
Note that the flat remnant in Fig. 3.8 also does the wobble motion with much longer period
than the duration of the simulation. Burns and Safronov (1973) estimated the timescale of the

alignment as

pQ
align — 4.16
Tlg pK32R2 ( )

3
ast wrot
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where p is the rigidity of asteroids, p is its density, R, is its radius, and w,e is its rotational
angular frequency. () is the material’s quality factor, which is roughly defined as the ratio of
the total stored strain energy to the energy loss per cycle of wobble motion. K?Z is a shape
factor, and K2 ~ 1072 for spherical bodies and K2 = 0.1[(a—c)/c|?* for irregular shaped bodies.
With the probable parameters shown in Burns and Safronov (1973), the alignment timescale is

estimated to be

Rast > —2 ( Trot
50 km 8 hour

where T, is the rotation period. Thus, the timescale for the alignment of the rotation axis

3
Talign = 1.0 x 106( > year, (417)

with the minor axis is about 1 Myr, which is much shorter than the age of the solar system.
Therefore, we suggest that the flat asteroids with D > 100 km were formed in the primordial
environment and initially had the rotation axis perpendicular to the minor axis, but the rotation

axis now aligns with the minor axis due to the internal energy dissipation.



Chapter 5

Application: Extremely Elongated
Shape of 1I//Oumuamua

As we showed in Section 3.3, equal-mass and non-destructive impacts can produce extremely
elongated shapes of asteroids. Recently, an interstellar object 1I//Oumuamua that has the
extremely elongated shape was discovered. In this chapter, we will introduce the results of our
simulations that investigate detailed impact conditions to form extremely elongated asteroids.

Almost all parts of this chapter are based on Sugiura et al. (2018b).

5.1 Introduction of 1I//Oumuamua

1I//Oumuamua was discovered by Pan-STARRSI on October 2017 (Meech et al. 2017). It
is recognized to be an interstellar object because of its high orbital eccentricity e ~ 1.2. A
considerable fraction of planetesimals are ejected from planetary systems during the planet
formation stage (Bottke et al. 2005; Raymond et al. 2018; Jackson et al. 2018); thus it is
no wonder that interstellar objects exist. Moreover, the velocity at infinity v., &~ 26 km/s of
11/’Oumuamua is close to relative velocities of stars in the solar neighborhood. Therefore this
object is likely to come from a nearby planetary system (Meech et al. 2017; de la Fuente Marcos
and de la Fuente Marcos 2017).

The absolute magnitude of 11//Oumuamua is Hy ~ 22 mag, which corresponds to a mean
radius of about 100 m with albedo 0.04 (Meech et al. 2017; Bolin et al. 2018; Bannister et al.
2017). The rotation period of 1I//Oumuamua is about 8 hours (e.g., Bolin et al. 2018). Its
spectral feature is consistent with that of D-type asteroids or comets (Meech et al. 2017).
Although no cometary activity is confirmed through imaging observations (Meech et al. 2017;

Ye et al. 2017; Jewitt et al. 2017), non-gravitational acceleration of 11//Oumuamua is measured
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later (Micheli et al. 2018), which may be the result of mild cometary activity. Thus the
composition of 1I//Oumuamua is still under debate.

An interesting characteristic of 11//Oumuamua is the large light curve amplitude of about
2.5mag (Meech et al. 2017). If this light curve variation is caused by the change of cross
section due to rotation around the minor axis, 11//Oumuamua has an extremely elongated
shape. Although its dimensions are not yet fully specified because of the short observational
period, the ratio of the intermediate axis length b to the major axis length a is estimated in
several studies as follows: b/a < 0.19 (Bannister et al. 2017), 0.10 < b/a < 0.29 (Bolin et al.
2018), b/a < 0.22 (Drahus et al. 2018), b/a < 0.20 (Fraser et al. 2018), b/a < 0.33 (Knight
et al. 2017), and b/a ~ 0.1 (Meech et al. 2017). Therefore, the ratio b/a is estimated to be
smaller than about 0.3.

Several mechanisms to produce extremely elongated objects were suggested in the past.
Impact experiments in laboratory show that some fragments among several thousands may
have b/a < 0.3 (Michikami et al. 2016). Tidal disruption may also produce elongated objects
(Cuk 2018). Simulations for the tidal destruction of 3 km-sized rubble piles reproduced with
N-body particles show that about 0.5% of resultant bodies produced in all simulations have
b/a < 0.3 (Walsh and Richardson 2006). Simulations for the spin deformation of rubble piles
show that rubble piles with spin states close to equilibrium limits may evolve to elongated
shapes (Richardson et al. 2005). Recently it is suggested that extremely elongated objects may
be formed through abrasion due to micro particle collisions (Domokos et al. 2009, 2017).

Collisions of bodies can also form elongated objects (e.g., Leinhardt et al. 2000, 2010; Sugiura
et al. 2018a). In this chapter, we will investigate the possibility to form extremely elongated
objects through collisions in more detail. Here, we will focus on impact simulations with
much smaller (50m sized) asteroids to reproduce extremely elongated objects with the size
similar to that of 1I//Oumuamua, and constrain detailed impact conditions to form shapes
with b/a < 0.3: we focus on the formation of extremely elongated objects. Here, we define

remnants with b/a < 0.3 as extremely elongated remnants (hereafter EERs).

5.2 Initial Conditions of Simulations for 1I//Oumuamua

We use almost the same methods and initial conditions as in Chapter 3. Here, we describe

different points from Chapter 3.
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To reproduce collisional formation of elongated objects with size similar to 11//Oumuamua,
the radius of target asteroids is set to R; = 50m. We use about 50,000 SPH particles for a
target asteroid because Fig. 3.4 shows that this resolution is sufficient to achieve the converged
value of axis ratios of the largest remnants.

We assume that asteroids have primordial property before they melt due to the decay energy
of 26A1, i.e, they do not have the tensile strength of solid body and shear strength is determined
by the friction of granular material (Richardson et al. 2002). Thus damage parameters D of all
SPH particles are initially set to unity.

We use the tillotson equation of state and the parameter set for basalt described in Benz and
Asphaug (1999) as in Chapter 3. However, there is a problem if we straightforwardly utilize the
original tillotson parameters for basalt. A time step determined by the sound speed of basaltic
body C, =~ 3km/s is calculated to be ~ 10735, which is much smaller than the time scale of
gravitational reaccumulation ~ 1,600 s estimated in Eq. (3.1). Thus it is difficult to complete a
simulation in an acceptable computation time with the original value of C; for basalt. However,
if impact velocities are much smaller than Cy and shear strength is determined by the friction,
results of simulations do not depend on Cy. The validity of this simplification is explained as
follows: Motion of each SPH particle is determined by the self-gravity, pressure distribution,
and deviatoric stress distribution. If impact velocities are much smaller than the sound speed,
pressure distribution is determined by the self-gravity because pressure induced by the impact
is immediately relaxed. Here, deviatoric stress is determined by the friction, and frictional
force is proportional to the pressure; deviatoric stress distribution is also determined by the
self-gravity. Therefore, motion of each SPH particle is solely determined by the self-gravity,
and thus the sound speed does not affect results of impacts.

We conduct simulations of the impact with the mass ratio of impacting two bodies ¢ = 1,
the impact angle 6;,,, = 15°, the angle of friction ¢, = 40°, the impact velocity vi,, = 20 cm/s,
and two different values of sound speed, or tillotson parameters of Aty and Bry. Figs.5.1a and
b show snapshots of the impact outcomes with Aty = By = 2.67 x 10* Pa and Ay = By =
2.67 x 10° Pa, respectively. From Fig. 5.1, we find that the results of the simulations become
almost the same even if we use different values of Aty or Bry.

Thus we set Apy and By to 2.67 x 10 Pa, which corresponds to C, ~ 3m/s. This sound
speed is still much larger than impact velocities treated in our simulations < 40cm/s. The

same approach utilizing reduced sound speed is adopted in Jutzi and Asphaug (2015).
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Figure 5.1: Snapshots of the impact with R, = 50m, ¢ = 1, ¢4 = 40°, 0, = 15°, and
Vimp = 20cm/s at ¢ = 1.0 x 10°s. The panel (a) shows the result of the simulation with
Aty = Bry = 2.67 x 10* Pa, and the panel (b) shows that with Ary = By = 2.67 x 10° Pa.
This figure is the same as Fig. 9 of Sugiura et al. (2018b).

5.3 Results of Simulations for 1I//Oumuamua

We will introduce the results of simulations with various mass ratios ¢, impact angles iy,

impact velocities vimp, and friction angles ¢4. Table 5.1 summarizes the conditions of the

simulations.
¢ ¢a(°) vimp(em/s)  Avigp(cm/s)  Ginp(®)  Abip(°)  Remark
1 40 12 — 36 3 5—30 5 Fig. 5.3a
1 40 15— 30 1 7.5 —20 2.5 Fig.5.3b
1 50 12.5 — 40 2.5 5 —40 5 Fig. 5.5
1 30 12.5 - 35 2.5 5—20 5 Fig. 5.6
0.5 50 15—35 2 10 — 35 5 Fig.5.9
0.25 50 15— 55 4 10 — 35 5 Fig.5.10

Table 5.1: Conditions of the simulations. Auviy,, and Abiy,, show the increments of vjy,, and
Oimp in the parameter survey, respectively.

5.3.1 Equal-Mass Impacts with ¢; = 40°

Figure 5.2 shows snapshots of the impact simulation with ¢ = 1, iy = 15°, vy = 20 cm/s,
and ¢4 = 40°. The collision induces elongation of the body (Fig.5.2b,c), which leads to the
formation of an EER (Fig.5.2d,e). The ratio b/a of the largest remnant is 0.24. The rotation
period of the largest remnant is 9.36 hours, which is comparable to that of 11//Oumuamua. As
shown in Fig. 5.2, we confirm that the shape of the EER is stable at least until 1.0 x 107 s,

which is correspoding to about three rotations of this object.
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Figure 5.2: Snapshots of the impact simulation with ¢ = 1, 8y, = 15°, Vyp = 20cm/s, and
bq = 40° at 0.0s(a), 2.0 x 10%s(b), 6.0 x 103s(c), 2.0 x 10?s(d), and 1.0 x 10°s(e). This figure
is the same as Fig. 1 of Sugiura et al. (2018b).

Figure 5.3 shows b/a of the largest remnants, which mainly become the most elongated
objects, formed through impacts with ¢ = 1 and ¢; = 40°. From Fig.5.3a, we find that
EERs are formed through impacts with 6y, ~ 15° and vy, ~ 15 — 20cm/s. A more detailed
parameter survey (Fig. 5.3b) shows that impacts with vjy,p sin O, ~ 5.1 cm/s form EERs. Here,
all the largest remnants with b/a < 0.3 have the mass of &~ 2.0Mget, Which means almost
complete merging.

According to the results in Section 3.3, the formation of elongated bodies needs large shear
velocity Vimp sin 0iyp, Which induces elongation of asteroids. However, impacts with too large
Vimp SiN Oinp, Tesult in splitting of colliding bodies and do not lead to the formation of EERs.
Vimp SiN imp =~ 5.1 cm /s is sufficiently large to form extremely elongated objects and sufficiently
small to form bodies with ~ 2.0 M;arget- Even if viy, sin Oy, ~ 5.1 cm/s, impacts with vy, >
25 cm/s mainly result in catastrophic destruction, and those with 6y, > 20° mainly result in
hit-and-run collisions; both of them are not likely to form elongated objects. Therefore impacts
with Oinp < 20°, Vip < 25m/s and Vi sin Oy, ~ 5.1 cm/s form EERs for ¢ = 1 and ¢4 = 40°.

The impact with 6;,, = 15° and vy, = 24 cm/s produces an EER that is formed from the
third largest remnant as shown in Fig5.4. The impact with the larger impact velocity compared
to that in Fig. 5.2 produces a large ejecta curtain (Fig.5.4b), and then a filamentary structure

is formed through reaccumulation of fragments to the direction perpendicular to the impact
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Figure 5.3: b/a of the largest remnants resulting from various impact simulations with ¢ = 1
and ¢4 = 40°. The horizontal axis represents vin,, and the vertical axis represents ¢iyp. The
blue regions show parameters forming EERs, which have b/a < 0.3. In the panel (a), we vary
the parameters within 12cm/s < vy, < 36cm/s and 5° < 0y, < 30° with the increments of
3cm/s and 5°. In the panel (b), we vary the parameters within 15cm/s < vy, < 30cm/s and
7.5° < Oimp < 20° with the increments of 1cm/s and 2.5°. The black curve in the panel (b)
represents Vyp Sin O, = 5.1 cm/s. This figure is the same as Fig. 2 of Sugiura et al. (2018b).

velocity vector (Fig.5.4c). Gravitational fragmentation of the filament leads to the formation

of an EER (Fig.5.4d,e), which has the mass of 0.24M;aget and b/a of 0.27. However, the other

EERs are obtained from the largest remnants.
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Figure 5.4: Snapshots of the third largest remnant formed through the impact with ¢ = 1,
Oimp = 15°, vimp = 24 cm /s, and ¢4 = 40° at 0.0s(a), 2.0 x 103s(b), 1.0 x 10*s(c), 2.0 x 10* s(d),
and 1.0 x 105s(e). This figure is the same as Fig. 3 of Sugiura et al. (2018b).
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Figure 5.5: b/a of the largest remnants resulting from various impact simulations with ¢ = 1
and ¢, = 50°. We vary the parameters within 12.5cm/s < vj,, < 40cm/s and 5° < Gy, < 40°
with the increments of 2.5 cm/s and 5°. The black curve shows vy sin 6y, = 7.4 cm/s. This
figure is the same as Fig. 4 of Sugiura et al. (2018b).

5.3.2 Dependence on the Friction Angle

Figure 5.5 represents b/a of the largest remnants formed through various impacts with ¢ = 1
and ¢4 = 50°. b/a does not seem to be smooth function of vy, and 6, because of a smaller

number of simulations in almost the same parameter space as that of Fig. 5.3b. The formation
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of EERs occurs in a wider parameter space than that for ¢4 = 40°. We find that the parameters
producing EERs concentrate around vy Sin Gy, ~ 7.4 cm/s with i, < 30° and vy, < 35m/s.
Note that EERs are also formed from smaller remnants in four parameters with 6;,,, ~ 25° and

Uimp ~ 20 — 30 cm/s in the impacts with ¢4 = 50°.
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Figure 5.6: b/a of the largest remnants resulting from various impact simulations with ¢ = 1
and ¢, = 30°. We vary the parameters within 12.5cm/s < vj,, < 35cm/s and 5° < by, < 20°
with the increments 2.5cm/s and 5°. The cross-hatched region shows the impacts with M), <
0.15Miarget, and thus the shapes resulting from these impacts are not measured.

We also conducted impact simulations with ¢ = 1, ¢4 = 30° as shown in Fig. 5.6. Although
the ranges of impact velocities and angles are almost the same as those in Fig. 5.3 or Fig. 5.5,
no EERs are formed through impacts with ¢4 = 30°. Thus the formation of EERs needs the
friction angle ¢g > 40°.

Let us roughly estimate the critical friction angle required for the formation of EERs the-
oretically. As shown in Fig. 5.2 or Fig.5.4, EERs are formed through collisional elongation
of asteroids and reaccumulation of fragments from the direction of the long axis. In reaccu-
mulation phase, if the friction angle is small, the friction cannot stop fragments with small
displacement, and resultant shapes become more round shapes. Total kinetic energy of frag-
ments that compose an EER during reaccumulation phase is estimated as

1
Exin = §M7'UGQSC,T7 (51>

where M, is the mass of this EER and v, is the escape velocity from this EER. According
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to Sugiura et al. (2018a), total dissipated energy due to the friction with displacement L is

estimated as

Eys = TR2LpgP.,

2
P, = §7er§R2, (5.2)

where GG is the gravitational constant and R, and P. are the mean radius and the central

pressure of this EER, respectively. Equating Fy;, and Egis, we achieve

—~ . (5-3)

If L/R, > 1, ie., pug < 1, EERs are not formed because of large deformation due to reaccu-
mulation of fragments. Thus the formation of EERs roughly requires pg larger than unity, or
¢q larger than 45°. Interestingly, this condition solely depends on pug4, and thus it is applicable

to impacts with different scale.

(2)0s 100 m (b) 2000 s
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Figure 5.7: Snapshots of the impact simulation with ¢ = 1, 0., = 15°, Viyp = 22.5cm/s, and
¢q = 60° at 0.0s(a), 2.0 x 103s(b), 6.0 x 103s(c), 2.0 x 10*s(d), and 1.0 x 105 s(e).

Impacts with larger friction angles generally form more irregular shapes. We found one
impact simulation that forms the EER with b/a = 0.16. Fig.5.7 shows the result of the impact
simulation with 6;,, = 15°, vy = 22.5cm/s, and the friction angle ¢4 = 60°. The snapshots

of this figure are similar to those of Fig. 5.2, and the impact with the slightly larger impact
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velocity and the slightly larger friction angle forms the more elongated shape with b/a = 0.16,
which explains the axis ratio of 11//Oumuamua estimated in Bannister et al. (2017) or Fraser
et al. (2018). Although the friction angle of ¢4 = 60° is too large for usual terrestrial granular
material (Heiken et al. 1991), granular material on small bodies may achieve the angle of repose

of 60° owing to the existence of cohesion.

5.3.3 Dependence on the Mass Ratio

(b) 2000 s

(c) 6000 s (d) 20000 s (¢) 100000 s

Figure 5.8: Snapshots of the largest remnant formed through the impact with ¢ = 0.5, i, =
20°, vimp = 25cm/s, and ¢g = 50° at 0.0s(a), 2.0 x 10*s(b), 6.0 x 10*s(c), 2.0 x 10*s(d), and
1.0 x 10°s(e). This figure is the same as Fig. 5 of Sugiura et al. (2018b).

Figure 5.8 shows snapshots of the impact with ¢ = 0.5, ¢q = 50°, i, = 20°, and Vi, =
25cm/s. The asymmetric destruction of asteroids occurs because of the unequal-mass impact
(Fig. 5.8b). The collision induces elongation (Fig. 5.8¢), which leads to the formation of an EER
(Fig. 5.8d,e). This remnant has the mass of 1.1 M et and b/a of 0.27.

Figure 5.9 represents b/a of the largest remnants in various impact simulations with ¢ = 0.5
and ¢4 = 50°. We find that the three impacts with 6;,, = 20° and vi,,, ~ 25cm/s form EERs.

We also conducted impact simulations with ¢ = 0.25 and ¢, = 50° as shown in Fig. 5.10.
Although impacts in this parameter range include various types of collisions (merging, hit-and-
run, and catastrophic destruction), no impacts with ¢ = 0.25 form EERs. Overall deformation
of target asteroid requires ¢ ~ 1 because collisions with small impactors induce local deforma-

tion with the size comparable to that of impactors. Therefore the formation of EERs requires
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Figure 5.9: b/a of the largest remnants resulting from various impacts with ¢ = 0.5 and
¢q = 50°. We vary the parameters within 15cm/s < v, < 35cm/s and 10° < 6y, < 35° with
the increments of 2cm/s and 5°. This figure is the same as Fig. 6 of Sugiura et al. (2018b).
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Figure 5.10: b/a of the largest remnants resulting from various impacts with ¢ = 0.25 and

¢q = 50°. We vary the parameters within 15cm/s < v, < 55cm/s and 10° < 6y, < 35° with
the increments of 4 cm/s and 5°.

q > 0.5.



CHAPTER 5. APPLICATION: EXTREMELY ELONGATED SHAPE OF 11/OUMUAMUA 109

5.4 Discussion: Environments for 1I//Oumuamua For-
mation

In Figs 5.3, 5.5, and 5.9, the parameters forming EERs are limited and the collisional probability
for EER formation is low. However, the formation of extremely elongated objects through other
processes is also difficult. For example, if four spherical asteroids with equal size stick together in
a completely straight line, an object with b/a = 0.25 is formed. To make a body with b/a < 0.25
through this process, it requires at least three times of impacts with very limited collisional
directions and velocities; such probability might be smaller than that of EER formation due
to elongation through single collision. Thus, we focus on EER formation through collisional
elongation, and estimate the dynamical environment for such collisions.

Impact velocities required to produce EERs (15 cm/s < vy, < 40cm/s) are much smaller
than typical random velocity of objects orbiting around a star ~ 1km/s (e.g., the mean im-
pact velocity at the main belt &~ 5km/s). To realize such small impact velocities, dynamically
cold environment in protoplanetary disks is necessary. Here, we focus on turbulence and grav-
itational interaction with large bodies as the sources of dynamical excitation of asteroids in
protoplanetary disks, and give some constraints for environment such that vy, < 40cm/s.

It should be noted that the impact velocity to form extremely elongated objects may be
increased if we additionally consider cohesion of granular material. The cohesion of lunar soil
is estimated to be 1kPa (Heiken et al. 1991). In contrast, central pressure of an asteroid with
the radius 50m is about 10 Pa, which gives the typical value of frictional stress. Thus impact
velocity for collisional elongation may become ten times larger if cohesion is included. However,
cohesion may prevent the elongation due to its large tensile strength. The effect of cohesion

will be investigated in our future works.

5.4.1 Turbulence

We will estimate the relative velocity between asteroids with the radius of s = 100m and the
density of p, = 1g/cm? in a protoplanetary disk with a central star that has the same mass
Mg and luminosity as the Sun. The sound speed C; 4, the density at the mid plane p,, and
the surface density ¥, of gas at orbital radius r are given by those of the minimum mass solar

nebula model (Hayashi 1981):
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—1/4
Cyy=1.0 x 10° <L> cm/s,
au
C1ax 100 (=) M e 5.4
pg_ 4 X 1 au g/cm, ()
s( T\ 732 2
5, = 1.7 % 10 (H) g /em?. (5.5)

Asteroids are dragged by gas. A time scale of velocity variation due to gas drag is called
the stopping time t, and defined by the ratio of momentum to gas drag force. t, for various

gas drag laws is expressed as

p’,f%fh for s < g\ (Epstein law)
923%1 for R. <1 (Stokes law 1)
b= _alpern , 5.6
9pgj\f//§g%/58§v3/5 for 1< R. <800 (Stokes law 2) (5.6)
th
,)6522 for R, > 800 (Newton law)

where vy, = \/71'_/80579 is the mean thermal velocity of molecules, A = my,/pyon, is the
mean free path of gas particles, R, = 4sAv /vy, A is the Reynolds number, Av shows relative
velocity between gas and asteroids, my, = 3.4 x 1072* g is the mass of a hydrogen molecule,
and oy, = 2.0 x 107%cm? is the cross section of a hydrogen molecule (e.g.,Whipple 1972;
Weidenschilling 1977; Birnstiel et al. 2010). In protoplanetary disks, Av is mainly determined
by the difference between the Keplerian velocity vx = \/GT@/T and the rotation velocity of
gas with pressure-gradient support. From the relation of isothermal gas pressure P = ng’ig
and Eq. (5.5),

| P
L AR 0P emys, (5.7)

Av = =
v 2 pguk dr

and A and R, are expressed as

roN\11/4
A= 1.2(—) cm,
lau

R. = 2.9 x 103<1L> o (5.8)

au

From Egs. (5.5), (5.7), and (5.8), r dependence of t; is expressed as
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3/2
22x 10 (t5g) " ' for r>19AU

—1/4
=1 36x10°(hs) 9 for L6AU<r<I19AU (5.9)

5/4
18x10%(t5p) %' for 1< 16AU

where 2k is the Keplerian angular frequency. The gas drag is determined by the Epstein law
for r > 19 AU, the Stokes law for 1.6 AU < r < 19 AU, and the Newton law (high Reynolds
number) for r < 1.6 AU. For ¢,Qx > 1, v, controlled by turbulent stirring is given by (Cuzzi
et al. 2001; Ormel and Cuzzi 2007)

Uyl = Cs gv/30(Qcts) 71, (5.10)

where « is the strength of turbulence in Shakura-Sunyaev prescription. Figure 5.11 shows
Ure @s a function of r» and o, and we find that & < 5 x 107 for 1AU < r < 20AU and
a <5 x 107*(r/20 AU)? for r > 20 AU are roughly required for vy, < 40cm/s.

107

£=40 cm/s -
Vie=15 cm/s

1 10
orbital radius [au]

Figure 5.11: Relative velocity between asteroids with the radius 100 m induced by turbulence in
a disk with the minimum mass solar nebula model. The horizontal axis represents the distance
from the central star, and the vertical axis represents the Shakura-Sunyaev « parameter. The
red and blue solid curves show the contours of v, = 40 cm/s and v, = 15 cm/s, respectively.
This figure is the same as Fig. 7 of Sugiura et al. (2018b).

Magnetorotational instability (MRI) is a dominant source of turbulence. MRI is active
in vicinities of a central star with high ionized fraction (r < 0.1 AU) or sufficiently distant

from a central star with low surface density of gas (r > 10 AU), and MRI produces strong
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turbulence with @ ~ 1072 (e.g., Flock et al. 2017). MRI non-active regions (dead zones) are
roughly considered to be the mid-plane with 0.1 AU < r < 10AU (e.g., Kretke et al. 2009).
The strength of turbulence in dead zones is estimated to be 107¢ < a < 1072 (e.g., Flock et al.
2017; Ilgner and Nelson 2008; Mori et al. 2017). Thus impacts with vy, < 40cm/s between
100 m-sized asteroids could occur in dead zones with 1 AU < r < 10 AU.

On the other hand, observations of a protoplanetary disk suggest that « for the outer disk is
smaller than values expected from MRI turbulence. Pinte et al. (2016) show that apparent gaps
of HL Tau require o ~ 10~*. Note that such a small « is favorable for creating the observed
multiple ring-like structure in HL Tau through secular gravitational instability (Takahashi and
Inutsuka 2014, 2016; Tominaga et al. 2018). Thus impact velocities of viy, < 40cm/s are

realized in protoplanetary disks such as HL Tau.

5.4.2 Size of Larger Bodies

Gravitational stirring by larger bodies increases the relative velocity between surrounding
smaller asteroids. We will estimate the sizes of larger bodies that result in relative veloci-
ties between 100 m-sized asteroids less than 40 cm/s.

We consider two groups of bodies: One of them is small asteroids with the radius 100 m,
and the other one is large bodies with the radius R. Through viscous stirring of large bodies,

the relative velocity of small asteroids u increases at a rate of (Ida and Makino 1993)

1 du Y [ Vese \ 4
| ~40 ( e“) , 11
uw dt + KpSR u (5.11)

where X is the surface density of large bodies and v is the escape velocity from a large body.

VS

The relative velocity decreases through gas drag at a rate of

1 du

ch] [ 12
u dt (5.12)

)
gd ts

which is inversely proportional to the stopping time. The balance between the increasing rate

Eq. (5.11) and the decreasing rate Eq. (5.12) gives the relative velocity at a steady state

12X\ 1/4
= esc- 5.13
“ < psR ) ! ( )

Figure 5.12 shows the relative velocity in the minimum mass solar nebula. Here, we put 1072

times the solid surface density for 3. From Fig. 5.12, we find that R < 2km for » ~ 1 AU and
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R < 7km for r > 20 AU are required to achieve u < 40cm/s. Therefore, the formation of the
extremely elongated shape of 11//Oumuamua through a collision requires an extremely young

protoplanetary disk without bodies larger than 7km.
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Figure 5.12: Relative velocity between asteroids with the radius 100 m induced by large bodies
with the radius R in a disk with the minimum mass solar nebula model. The horizontal axis
represents the distance from the central star, and the vertical axis represents the radius of
bodies R. The red and blue solid curves show the contours of u = 40cm/s and u = 15cm/s,
respectively. This figure is the same as Fig. 8 of Sugiura et al. (2018b).

11//Oumuamua is thought to be ejected from another planetary system, and the ejection
requires large scattering sources such as gas giants or central binary stars. However, such scat-
tering sources significantly increase the relative velocity between asteroids. Thus the shape of
11//Oumuamua was probably formed in a place without large bodies, which may be in an outer
protoplanetary disk, and then 1I//Oumuamua drifted inward to the vicinity of gas giants or
central binary stars to be ejected (e.g., Raymond et al. 2011, 2018; Jackson et al. 2018). Ejection
by central binary stars may be favorable to explain lack of cometary activity of 11//Oumuamua
because close encounter with binary stars evaporate volatile substances (Jackson et al. 2018).
In contrast, an early stellar encounter ejects asteroids from an outer disk (e.g., Kobayashi et al.

2005).
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5.4.3 Survivability of Extremely Elongated Shapes Through Ejec-
tion Processes

As we discussed in the previous subsection, 1I//Oumuamua is thought to be ejected from
another planetary system. However, ejection requires close encounter with gas giants or binary
stars, and the extremely elongated shape of 11//Oumuamua may be destroyed due to tidal force.
Here, we discuss the survivability of the shape of 1I//Oumuamua through ejection processes.

Let us estimate the Roche radius for a prolate object with the major axis length a, the inter-
mediate axis length b, and the density p,,. For simplicity, we consider the prolate object orbiting
around a central body with the density p,,, the radius Ry, and the mass M = (4/3)7R3,ppn.
The prolate body is efficiently deformed when the major axis is pointing toward the central
body, and tidal force per unit mass at the surface of the prolate object is
R

where d is the distance between the prolate object and the central body. According to Chan-

(5.14)

drasekhar (1969), self-gravitational force per unit mass at the surface on the major axis is

calculated as

F, = nGp,Aa, (5.15)

where

e3

b2
e=11-—. (5.16)

Equating F; and Fj, we achieve the Roche radius dr as

L[4
dg = Ry gA;l. (5.17)

Even for an extreme shape with b/a = 0.1, dg = 3.2R);; the Roche radius is comparable to the
radius of the central body.
Binary stars eject asteroids from inside of the critical orbital semi-major axis a. (Holman

and Wiegert 1999). An equal-mass binary with zero orbital eccentricity and orbital separation
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of a, has a. = 2.4a,. Since a; is AU scale, a. is much larger than radii of stars; asteroids are
ejected before they experience tidal disruption.

In protoplanetary disks, asteroids drift inward due to angular momentum loss through gas
drag. The orbital eccentricities of asteroids that drift to the vicinity of gas giants increase
through moderate close encounters with gas giants. The distance of close encounters required
for the increase of the eccentricities is about the Hill radius (Ohtsuki et al. 2002), which is much
larger than the Roche radius. The asteroids with the eccentricities larger than 0.4 are efficietly
ejected by gas giants (Bandermann and Wolstencroft 1971; Higuchi et al. 2006), and the typical
distance of close encounters that eject asteroids is also about the Hill radius (Fernandez 1978;
Ida 1990). In the case of Jupiter, Hill radius is about 760 times larger than the Jupiter radius,

and thus asteroids rarely experience tidal disruption when they are ejected by gas giants.



Chapter 6

Summary and Future Prospects

6.1 Summary

Asteroids in the present solar system are the fossils of planetesimals that existed in the pri-
mordial solar system. Thus the information obtained from asteroids is very useful to reveal the
history of the solar system, and such information is also used to reveal the collisional history of
asteroids themselves, i.e., how impacts they experienced or when they were formed. Asteroids
have variety of shapes and we can directly connect the shapes of asteroids to the collisional
history of asteroids since asteroidal shapes are mainly formed through collisions.

We firstly developed the numerical simulation method for rocky body collisions. Then
we investigated the shapes of asteroids formed through various impacts through numerical
simulations. We also analyzed the shapes of actual asteroids and compare them with the
results of our simulations. Finally we applied our simulations to the formation of the extremely

elongated shapes of 11//Oumuamua. In this chapter, we will summarize our study.

6.1.1 Development of the Numerical Simulation Method

Our simulation method is based on elastic dynamics because rocky bodies have elastic properties
when deformation is small. We developed our simulation code for rocky body impacts based
on the SPH method for elastic dynamics because impact phenomena involve large deformation
and particle methods are suitable to compute such phenomena. However, the standard SPH
method has the serious problem in tension dominated regions, which is the tensile instability
and causes numerical instability in tension dominated regions. We developed the new method to
solve the tensile instability based on the Godunov SPH method (Inutsuka 2002). We evaluated
the stability of the Godunov SPH method through the linear stability analysis and clarified

116
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the stability with several interpolation methods of density distribution as shown in Table 2.1
(Sugiura and Inutsuka 2016, 2017). We also found that we can conduct numerical simulations
without the tensile instability if we select stable interpolation methods, which depend on the
sign of pressure. Our test simulations show that the Godunov SPH method for elastic dynamics
well reproduces the dynamics of elastic bodies (Figs. 2.1,2.2 or Sugiura and Inutsuka 2017).

However, asteroids are not elastic bodies but rocky bodies and we need appropriate methods
to describe impact phenomena. The equation of state that is appropriate to describe impact
phenomena is different from that of elastic dynamics. Many studies investigating impact phe-
nomena with the SPH method utilize the tillotson equation of state (e.g., Genda et al. 2012;
Jutzi and Asphaug 2015), and thus we also utilize the tillotson equation of state. Large de-
formation of rocky bodies causes the fracturing, which relieves tensile forces of intact rock.
We included the fracture model for brittle solid described in Benz and Asphaug (1995). Fric-
tion between completely fractured rock, or granular material, is very important to describe
the shapes of rubble pile bodies such as the asteroid Itokawa. Thus we included the friction
model for granular material described in Jutzi (2015). Our test simulations show that our
simulation code well reproduces the dynamics of granular material (Fig. 2.4). To reproduce the
collisional formation of the shapes of rubble pile bodies, we also need to describe reaccumulation
of fragments ejected by impacts, and thus we included the self gravity.

Catastrophic collisions produce fine remnants. To reproduce and investigate the shapes
of such fine remnants, we need to conduct high-resolution simulations. To do so, we need to
parallelize our simulation code to utilize supercomputers. Thus we parallelized our simulation
code utilizing FDPS developed by RIKEN. As we notice from Fig.2.5, our simulation code

successfully achieves the high parallelization efficiency even if we utilize 2,000 CPU cores.

6.1.2 Asteroidal Shapes Formed Through Collisions

DAMIT provides the shape models of asteroids obtained through light curve observations of
asteroids, and almost all of the shapes of the asteroids with the diameters larger than 100 km
are already measured (Fig.4.3). Moreover, the collisional lifetimes of asteroids larger than
100 km are much longer than the age of the solar system (Fig.1.5), and many of them are
not probably affected by recent impacts (Fig.4.4). Therefore, the information of the asteroids
larger than 100 km is desirable to investigate the long collisional history of those asteroids, and

in this study we mainly focus on the shapes of the asteroids larger than 100 km.
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Impact Velocity in the History of the Solar System

In the early planet formation era, planetesimals are under orderly growth until the largest
bodies grow up to be the size of about 100 km. In this stage, the impact velocities between
planetesimals are comparable to or slightly larger than the escape velocity from planetesimals
(Kobayashi et al. 2016). Then, several planetesimals larger than 100 km grow up to be proto-
planets rapidly under runaway growth, and evolutionary stage moves on to oligarchic growth
stage. The impact velocities between planetesimals are controlled by the mass of protoplanets,
and the impact velocity is kept to be as low as several 100 m/s until the mass of protoplanets
becomes that of Mars (see Eq. (4.6)). Since the escape velocity from the planetesimal with the
diameter of 100 km is about 100 m/s, the impact velocities between 100 km-sized planetesimals
are always comparable to the escape velocity until the mass of protoplanets reaches to that of
Mars. Therefore, the impacts in the primordial environment mainly result in non-destructive
impacts.

In contrast, the impact velocities between asteroids in the present solar system are much
larger than the escape velocities from asteroids because of the existence of gas giants. The
average impact velocity in the main belt is about 5km/s, and the occurrence rate of the impact
velocity less than 400m/s is only about 0.2% (Fig.4.1). Therefore, the impacts in the present

environment mainly result in destructive impacts.

Shapes Formed Through Various Impacts

We investigated the shapes of remnants produced through various impacts of asteroids by means
of numerical simulations. We consider the impacts between basaltic asteroids that initially have
spherical shapes and no rotation. The diameter of a target asteroid, i.e., larger asteroid among
impacting two asteroids, is fixed to be 100 km, and we vary the impact velocity, the impact
angle, and the mass ratio of impacting two asteroids.

Firstly, we investigated the shapes of the largest remnants produced through non-destructive
impacts that have the mass of the largest remnants larger than 0.4M;areer, Where Miapger is the
mass of initial target asteroids. Note that fine remnants other than the largest remnants are
also produced through non-destructive impacts, and we expect that the shapes of such fine
remnants are similar to those produced through destructive impacts because those shapes are
formed through gravitational reaccumulation of fine fragments ejected by impacts, which is the

same mechanism observed in destructive impacts. Our simulations of the equal-mass impacts
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with the impact velocity comparable to the escape velocity show that these impacts produce
various shapes including extremely flat shapes of the largest remnants (Fig. 3.15). However, we
notice that the impacts with smaller mass ratios of impacting two asteroids are more difficult to
produce irregular shapes (Fig. 3.18), and the impacts with the mass ratio of 1/64 only produce
the spherical largest remnants with the ratio of the minor to major axis lengths larger than 0.7
(Fig. 3.19).

Secondly, we investigated the shapes of fine remnants produced through destructive im-
pacts by means of high-resolution simulations. We conducted four simulations of destructive
impacts with various mass ratios and impact velocities. The highest impact velocity among
four simulations is about 2km/s, which is close to the average impact velocity in the present
solar system. As a result, we found that the destructive impacts mainly produce spherical and
bilobed shapes of fine remnants (Fig. 3.22). We also found that flat shapes are difficult to be
formed through destructive impacts (Fig.3.24).

Shapes Formed in Primordial and Present Environment

The impact velocities between planetesimals in the planet formation era are comparable to
the escape velocity from planetesimals. Thus similar-mass impacts in the primordial environ-
ment forms various shapes including extremely flat shapes. Although similar mass impacts
between 100 km-sized asteroids in the present solar system are very rare, similar-mass impacts
between planetesimals in the primordial environment are more frequent compared to the present
environment because Jupiter formation depleted planetesimals. Even in the primordial envi-
ronment, impacts with large mass difference of two impacting planetesimals are more frequent
than similar-mass impacts. However, low-velocity impacts with large mass difference do not
result in the deformation of target planetesimals. Since 100 km-sized planetesimals are mainly
the largest bodies among planetesimals in the primordial environment (Kobayashi and Tanaka
2018), the shapes of 100 km-sized planetesimal are mainly determined by similar-mass impacts,
which leads to the formation of various shapes including flat shapes.

The impact velocities between asteroids in the present solar system are much larger than
the escape velocity from asteroids, which mainly result in destructive impacts. Our simulations
of destructive impacts show that these impacts only produce spherical and bilobed shapes.
Even in the present environment, the impacts with large mass difference of impacting two
asteroids may not result in destructive impacts. However, our simulations with the mass ratio

of 1/64 only produce the spherical largest remnants even with the impact velocity realized in
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the present solar system. Therefore, we expect that impacts in the present solar system do not

produce flat shapes of asteroids.

6.1.3 Comparison with Actual Asteroids

From the results of our simulations, we predict that destructive impacts that are realized in
the present solar system are difficult to produce flat shapes. To verify this prediction, we
investigated the shapes of actual asteroids obtained from DAMIT. Asteroid families are mainly
formed by recent destructive impacts, and thus we can assess the effect of destructive impacts
on the asteroidal shapes through the comparison between the shapes of family and non-family
asteroids. The information of asteroid families is obtained from AstDyS-2.

As a result of the investigation, we found that the family asteroids with the diameters larger
than 100 km do not include flat asteroids, while non-family asteroids larger than 100 km include
six flat asteroids with ¢/a < 0.6 and b/a > 0.8 (Fig.4.6). This is consistent with the results
of our simulations that the destructive impacts do not produce flat shapes. Thus, the flat
shapes of the asteroids with the diameters larger than 100 km were formed in the primordial
environment and remain the same until today. This conclusion is consistent with the collisional
lifetime estimated in O’Brien and Greenberg (2005).

In contrast, the family asteroids with the diameters larger than 10 km include flat asteroids.
These flat asteroids in asteroid families may be formed through low-velocity collisions between
similar-sized members in the same family. However, the fraction of flat asteroids with ¢/a < 0.6
and b/a > 0.8 shows the clear difference between the family and non-family asteroids. The
fraction of the flat shapes for the non-family asteroids is 8.5%, while that for family asteroids
is 3.8% (Fig. 4.8); the fraction of the flat shapes for the non-family asteroids is more than twice
as large as that for family asteroids. This difference also suggests that destructive impacts are

difficult to produce flat asteroids.

6.1.4 Formation of Extremely Elongated Shape of 11/ Oumuamua

As shown in Fig. 5.2, collisions can form extremely elongated shapes of asteroids. Recently,
Meech et al. (2017) discovered the interstellar asteroid 1I//Oumuamua that has the extremely
elongated shape. Owing to the large amplitude of the light curve of 11//Oumuamua, the axis
ratio b/a of this object is estimated to be 0.3 or smaller, and the nominal value of b/a is

considered to be 1/6. To investigate detailed impact conditions to form extremely elongated
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remnants (EERs) with b/a < 0.3 and the size similar to that of 1I//Oumuamua, we conducted
impact simulations with 50 m-sized rubble pile targets. We varied the impact velocity, the
impact angle, the mass ratio of impacting two asteroids, and the friction angle and searched
for the impact conditions to form EERs.

As a result, we found that the formation of EERs roughly requires the impact velocity
smaller than 40cm/s (Fig.5.5), the impact angle smaller than 30° (Fig.5.5), the mass ratio
larger than 0.5 (Figs. 5.9 and 5.10), and the friction angle larger than 40° (Figs. 5.5 and 5.6).

The most difficult condition to be realized is the impact velocity. The realization of such low
impact velocity requires dynamically extremely cold environment such as in a protoplanetary
disk. We estimated the required condition of such protoplanetary disk in terms of turbulence
and the size of large planetesimals. As a result, we found that the impact velocity smaller
than 40 cm/s is realized in the environments with Shakura-Sunyaev o < 10™* such as in MRI
dead zones (Fig.5.11) and without planetesimals larger than 7km (Fig.5.12). Small size of
planetesimals requires the environments in an extremely young protoplanetary disk. Thus,
11/’Oumuamua might have been formed in such an extremely young protoplanetary disk, then
might have been ejected from the planetary system due to, for example, a stellar encounter,

and then visited our solar system.

6.2 Future Prospects

6.2.1 Application to Other Phenomena

Cratering

In this study, we focus on the collisions that deform overall structures of asteroids. However, as
we notice from surfaces of terrestrial objects such as the moon, collisions also produce craters.
Since collisions due to smaller objects are more frequent than those between similar-mass bodies,
craters give us the opportunity to statistically discuss the collisional history in the solar system.

There are various types of craters. Small craters are generally the simple craters that have
bowl-like structures. Large craters have, in contrast, more complex structures such as central
peaks or ring-like structures. Some celestial objects have craters that cover the large fraction
of the surfaces of objects. For example, Phobos, the satellite of Mars, has Stickney crater on
its surface (e.g., Bruck Syal et al. 2016). The size of Stickney crater ~ 9km is comparable
to the size of Phobos ~ 22km. Craters are not necessarily symmetric but some craters have

asymmetric structures, which are considered to be formed by oblique impacts (Goeritz et al.
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2009) or impacts to surface slopes (Krohn et al. 2014). These variety of crater types give
us more detailed clues to reveal impact conditions that form craters or surface conditions of
celestial bodies.

Although there are numerous works on the formations of craters through experimental
(e.g., Housen and Holsapple 1999; Michikami et al. 2014) or numerical (e.g., Jutzi et al. 2010;
Potter et al. 2018) methods, knowledge for the formations of complex craters or asymmet-
ric craters is limited. In the case of numerical simulations, the investigations of asymmetric
craters need three-dimensional simulations. However, three-dimensional simulations of crater
formations are difficult because of high-computational costs. Since our simulation code can be
applied to the simulations of crater formations and are suitable for high-resolution simulations

owing to the parallelization, the crater formation is a good target of our future works.

Tidal Disruption

Tidal disruption of asteroids due to close encounters with planets also changes asteroidal shapes.
Some studies argue that the extremely elongated shape of 1I//Oumuamua is formed through
tidal disruption (e.g. Cuk 2018). Although close encounters that cause tidal disruption are rare
because of the smallness of the Roche radius, the constraint on the shapes of asteroids formed
though tidal disruption leads to more detailed constraint on the origin of asteroids.

Walsh and Richardson (2006) well investigated the properties of tidal disruption in terms
of the formation of binary asteroids through numerous simulations. However, shapes of rem-
nants produced through tidal disruption are not well investigated so far. Since tidal disruption
includes complex processes of approach to planets, disruption, and leaving from planets, nu-
merical simulations are unique method to investigate tidal disruption. Our simulation code is

applicable to tidal disruption problems easily.

Rotational Deformation

The spacecraft Hayabusa 2 recently clarified the diamond-like shape, or the top shape, of the
asteroid Ryugu. There are other examples of asteroids that have top shapes. The target
of OSIRIS-REx mission, the asteroid Bennu, also has the top shape. These top shapes are
considered to be formed by rotational deformation due to the acceleration of rotation caused
by the YORP effect (Walsh et al. 2008). The equatorial ridge of the asteroid Ryugu is also
considered to be formed by the rotation of the asteroid.

Although Walsh et al. (2008) showed that top shapes are formed by rotations, we have not
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yet known the detailed dependence of internal structures or properties such as the friction angle
of granular material on the shapes of asteroids produced by rotations. Since the shapes formed
by rotations may depend on internal structures such as the existence of rigid cores or the values
of the friction angle or cohesion, the detailed investigations of rotational deformation leads to
not only constrain internal structures or properties of granular material but also constrain the
formation processes of asteroids. Thus rotational deformation is one of the targets of our future

works.

6.2.2 Addition of Other Models

Cohesion

The equation for shear strength of granular material is composed of two terms. One of them is
the term that is proportional to confine pressure, and the other one is the constant term that is
corresponding to the shear strength at zero confine pressure. The latter term is corresponding
to the cohesion of granular material. The typical strength of the cohesion is about 1kPa
(Heiken et al. 1991), which is comparable to the central pressure of 1km-sized asteroids. For
the simulations of the collisional deformation of asteroids larger than 10km, the cohesion is
negligible because the confine pressure due to the gravity is so large. However, the cohesion may
play significant roles for the simulations for asteroids smaller than 1km or small structures such
as mountains on asteroids. Especially, the cohesion probably affects the formation of extreme
shapes of minor bodies such as the extremely elongated shape of 11//Oumuamua. We have not
yet introduced the model of the cohesion to our simulation code, and thus we will include the

cohesion referring to, for example, Alduén and Otaduy (2011) in our future works.

Porosity

Some rocky materials such as pumice have the micro porosity, that is, they have void spaces
inside of themselves. The materials that compose asteroids, e.g., chondrites, also have porosity.
The mean value of porosity of chondrites is about 10% (Britt et al. 2002). This porosity may
affect the results of impacts because crushing of porous material also dissipates impact energy.

Jutzi et al. (2008) introduced the effect of crushing of micro porosity to the SPH simulations.
Their porosity model is based on the P-a model (Herrmann 1969; Carroll and Holt 1972), where
distension parameter «, or porosity, is determined by the pressure. Jutzi (2015) showed that
the inclusion of the porosity model increases the catastrophic disruption threshold Q%, by

about factor two. Thus the porosity affects at least how impacts are destructive. We have



CHAPTER 6. SUMMARY AND FUTURE PROSPECTS 124

not yet investigated the dependence of the porosity on the shapes of asteroids formed through

impacts, so that we will also introduce the porosity model to our simulation code.

6.2.3 Comparison with Particle Based Codes

We conducted the simulations of catastrophic disruption only with the SPH method. How-
ever, simulation methods for fluid dynamics including the SPH method have a limitation of
time step, that is, the CFL condition. Time step determined by the CFL condition is gener-
ally much smaller than the timescale of gravitational reaccumulation. Thus, some researches
utilize particle based codes to simulate gravitational reaccumulation phase (e.g., Michel and
Richardson 2013; Schwartz et al. 2018).

Except for the self gravity, the equations utilized in the SPH method and particle based
codes are completely different. Moreover, the SPH method includes additional dissipation due
to the artificial viscosity, while particle based codes do not include such additional dissipation.
Although we expect that the shapes of remnants produced in reaccumulation phase of catas-
trophic disruption are not affected by the difference of simulation methods because the shapes
are mainly controlled by the self gravity, we should take note of the difference of simulation
methods. We also should note that the difference of the definition of the friction angle. The
friction angle in the SPH method means that of granular material, while the friction angle in
particle based codes means that between modeled particles. This difference of the definition
may cause the difference of the shapes of produced remnants. In our future works, we will

directly compare the results of the same impact obtained from both simulation methods.
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Appendix A

Extension of Godunov SPH Method to
Elastic Dynamics

In this chapter, we will summarize the equations for the Godunov SPH method for elastic
dynamics. This chapter is mainly based on Sugiura and Inutsuka (2016) and Sugiura and

Inutsuka (2017).

A.1 Equations for Godunov SPH Method

The equation of continuity is the same as that for the standard SPH method (Eq. (2.19)) because
the difference of the equation of continuity does not affect the stability of the SPH method (see
Sugiura and Inutsuka 2017).

The equation of motion (EoM) is defined by the convolution of Eq. (2.8). Note that we use
the Gaussian kernel (Eq.(2.12)) in the Godunov SPH method. The acceleration of the i-th

particle is expressed as

%a = / deim)W(|m — x|, h)dx = /@%gaﬁ(mﬂﬂ/ﬂm — x|, h)dx. (A1)

The right hand side of Eq. (A.1) is transformed using Eq. (2.16) and integration by parts as

)

dv oB(x)r 0 0
== zjjmj/ p2(;)> [axﬁ - 8xf}w(|m — i, W)W |z — 2|, h)da. (A.2)

Similarly, the equation of energy (EoE) is defined by the convolution of Eq. (2.10) and is

expressed as
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The right hand side of Eq. (A.3) is transformed through integration by parts as
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Here, we use the following approximation:
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Using Egs. (2.16), (A.5), and integration by parts, we can transform Eq. (A.4) into

a0
2) = fl|55 5
J

)

}wqm — i, )W (lx — x;|,h)dz.  (A.6)

Finally, we formulate the time-development equation for S’ /p according to the formulation
of the induction equation for magnetic field described in Iwasaki and Inutsuka (2011). We

simply differentiate S**/p and obtain

d<5a5> B ldSaﬁ_Saﬁdp (A7)
at\ p /) p dt p? dt’ ‘
We substitute Egs. (2.6) and (2.9) into Eq. (A.7) and obtain
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Note that (0/ 8:757)1)7 = ¢, We again define the time derivative of S*?/p of the i-th particle
by the convolution of Eq. (A.8):
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The right hand side of Eq. (A.9) is composed of the following terms (¢*? and R*® are represented
by the sums of velocity gradients):

1 ov(x) —— N

/p(w) gz V(@ = @il h)dz, (A.10)
g’ (x) Ov*(x) e .

/ p(x)  OzF Wz -z, h)de, (A.11)

where o, §, o', and § show arbitrary direction appearing in each term of Eq. (A.9). We notice
that Eq. (A.11) is almost the same as the right hand side of Eq. (A.3), and thus we can do the
same transformation as Eqs. (A.4), (A.5), and (A.6):

go'g (x) v (z) - )
/ oz ozr ) el h)d

a/ﬁ/ T
=3 m, / Sme())w(m) — 2] [ﬂ - %}qu — x|, W (|z — x|, h)dz.  (A.12)

Using Eq. (2.11), Eq. (2.16), 0v®/0z” = 0, and the partial integration, Eq. (A.10) is transformed

as

p(x) Ozf
/R%%ﬂ%@ﬂmwm x|, h)dz
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To evaluate the integrals in Egs. (A.2), (A.6), (A.12), and (A.13), we make interpolated
functions for physical quantities, especially the density. Here, a new convenient coordinate
system is defined for the integration. We have the origin of the coordinate system at (x;+x;)/2,
and the s-axis is defined to be parallel to the vector ; — ;. s, denotes the component
perpendicular to the s-axis of a vector . The vector e;; = (x; — x;)/|x; — x| is defined to be
the unit vector parallel to the s-axis, and As;; = |z; — ;| as the distance between the i-th and

7-th particles.
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Essentially, Eqgs. (A.2), (A.6), (A.12), and (A.13) are composed of the integration shown as

/ @) vt — al, YW (2 — 2, h)da, (A.14)
p*(x)

where f() is an arbitrary physical quantity. Here, the weighted averaged physical quantity I3

is defined as
f(z) _ 1 . o
7 W(lx—a;|, )W (|lx—x;|, h)dx = fij pQ(w)W“m x;|, )W (|x—x;|, h)dx. (A.15)
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If we interpolate f(z) linearly in the direction parallel to e;; and constant in the direction

perpendicular to e;;, [ is expressed as

. Jit f; . fi—f;
. © /2 s 252

Then, p—2(r) is expanded linearly in the direction perpendicular to e;; as

pi(@) ~p i (s) +sL - Vi (s). (A.18)

Note that the second term of Eq. (A.18) vanishes through the integration due to the symmetric
property of the kernel function. Eq. (A.15) is transformed using Eq. (A.18) as

[ LW (o — bW (o — | )z = VW (= VIR, (A1)

where

2 < V2 s*
Vi = /_Oo %%@ exp<—2h—2>ds. (A.20)

To evaluate the integrals of Egs. (A.17) and (A.20), we interpolate 1/p(s) using the density
and its gradients of the i-th and j-th particles. For the convenience, we define the specific
volume as V'(s) = 1/p(s) and calculate the specific volume and its gradients of the i-th particle

as
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We prepare three interpolation methods, that is, the linear, the cubic spline, and the quintic

spline interpolation. For the linear interpolation, V'(s) is expressed as

V(S) = CZ‘]’S -+ Dija (A22)
where
V.-V,
Ci' - : J
ASij ’
Dy; = Vith —g Vj (A.23)

Then we achieve the expressions of VE and sj; for the linear interpolation as

1
2 _ L2002 2
‘/ij,linear - Zh Cij + Dija
h*Cy; D;;
S:',linear = (A24)
’ 2‘/;5,linear
For the cubic spline interpolation, V(s) is expressed as
V(S) = Ai]’Sg + BijSz + CZ’]’S + Dija (A25)

where
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Then we achieve the expressions of V;? and sj; for the cubic spline interpolation as
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Finally, for the quintic spline interpolation, V' (s) is expressed as
V(S) = Aij85 + Bij84 + Cij83 + Dij82 + EijS + Fij, (A28)
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Then we achieve the expressions of VE and sj; for the quintic spline interpolation as

(A.30)

(A.31)

V2 quintic = %hm/ﬁj + %hs(mijcij +B}) + é—ihﬁ@AUE,-j +2B;;D;; + C7)
+ %h‘*(QBijﬂj +2C;E;; + DY) + }lh2(2Dz~jFij +E5) + F,
Y quintic = (%hloAUBﬁ + %ZhB(AijDij + B;;Cij) + ;—)_;hﬁ(AijFij + Bij Eij + Ci; Dij)
+ gh4(CijFij + Dy E;j) + %hQEij-Fij>/V;§,quintic'

Here, we introduce the final forms of EoM, EoE, and the time-evolution equation for the

deviatoric stress tensor for the Godunov SPH method. EoM is expressed as

dvy* a2 o
dt :;27’”% Vi oW (@i =y, V2h),

(2

where

17 1] g
afs af afs afs
qope_ S8 85,
K 2 Yol — x4

EoE is expressed as

dui i
dt

Qp* (023 Qax 8
E :ijo-ijﬁ V;?(Uzg -y )_axﬁ W (|@i — a, V2h),
j i
where

1 dv®
ar _ oy~ A0
Vi = v gatt s

(A.32)

(A.33)

(A.34)

(A.35)

for the conservation of the total energy. The time-evolution equation of the deviatoric stress

tensor is expressed as
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d SQB .af a ay* By* pa OCB*
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J
where,

a o 0 . 9]
6oty = maVi | )25+ (0 —o!) 5 | Wl — ], /2),
R = m, V2 [ (o8 — )2 59 9 T V2h A.37
= V= of) 25— (v =) g | Wlle— gl VB (ABT)

Note that the deviatoric stress tensor itself is obtained from (S*?/p); as S* = (5% /p);p;.

According to Inutsuka (2002), we use the pressure resulted from the Riemann problem
utilizing the physical values associated with the i-th and j-th particles for P;. The Riemann
problem is introduced in the next section. Inutsuka (2002) also utilizes the velocity resulted
from the Riemann problem for v{;*. The simulations for hydrodynamics work well with the
velocity resulted from the Riemann problem. However, this may cause problems for elastic
dynamics because of the difference of the equation of state, and it is safe to utilize the simple
averaged value for vf;* that is expressed as

v 4 ¥ vy — vs

V=T g T (A.38)

E 2 ”‘.’Bi —a:j|

If the cubic or quintic spline interpolations are used when the distance between two particles
is much smaller than the smoothing length, sz may diverge due to the interpolation. However,
Vi3 should be about 1/p*(x). Thus if V;7 obtained from the cubic or quintic spline interpolation
is much larger than 1/p*(x), we should use linear interpolation. We suggest that the linear

interpolation should be used when Vj becomes larger than V2 ijcrit Written as

1
‘/13(31‘11] = 10( ) (A39)
ng
where pi; = (pi + p;) /2.
A.2 Riemann Solver

In this section, we will introduce how to calculate P using the physical quantities associated

with the i-th and j-th particles through the Riemann problem. We only introduce the Riemann
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solver for the equation of state (EoS) P = C?(p — py), where Cy and py are the parameters for
this EoS. Please refer to, for example, van Leer (1979) for the Riemann solver for the ideal gas
EoS.

We consider shock tube problems where the initial state (e.g., pressure or density) of right
hand side is determined by the physical quantities of the ¢-th particle and the initial state of
left hand side is determined by the physical quantities of the j-th particle. The waves are prop-
agating to both the right and left directions. The waves are the shock wave or the rarefaction
wave. A kind of "speed” in the mass coordinate for the shock wave and the rarefaction wave is

written as

P — P,
Wsp = Cs\/pD <pD + TD) (P* > Pp), (A.40)
. PD - P CSQPD -1 *
Wep =25 [m( 5ot ngpoﬂ (P* < Pp), (A.41)

where D represents the direction of wave propagation and is replaced by R or L, and P*
represents the pressure around the contact discontinuity after the wave propagation. The
quantities with D represent the quantities of the right or left hand side at the initial condition,
i.e., the quantities of the i-th or j-th particle. If P* > Pp, the shock wave propagates and
thus Eq. (A.40) represents the speed of the shock wave, while if P* < Pp, the rarefaction wave
propagates and thus Eq. (A.41) represents a kind of speed of the rarefaction wave. Using Wi,

and W g, the pressure P* and the velocity v* at the contact discontinuity are written as

. PL/W&L + PR/WS’R + v, — UR
B 1/ Wer +1/Wsr ’
v Wen +orWir + B — Pr
B Wt +Wer ’

P (A.42)

*

v

(A.43)

where Pr = F;, pr = pi, VR = v; - €5, P, = P}, p, = p;, and v, = v; - €;;. P* and v* are
determined through iterative calculations of Eq. (A.40) - Eq. (A.43). Five cycles of iterations
with P* = (P, + Pg)/2 as the initial value are sufficient for the convergence. Finally, the
converged P* is used for P in Eqgs. (A.32) and (A.34).

However, P* obtained from the above procedures has the first-order accuracy in space. For
the Riemann solver with the second-order accuracy in space, we need to modify Py, pr, vr, P,

pL, and v, using the gradients of these physical quantities of the i-th and j-th particles. We skip
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the explanation of the detailed procedures for this modification, and please refer to Inutsuka
(2002). We just give a note that the gradient of the quantity f utilized for the Riemann solver
should be calculated with

g ;Cfa B ZJ: mj(f;j_ f:) aigw“‘”i — x|, h) (A.44)
to avoid unphysical gradients nearby free surfaces.

We explained the Riemann solver for EoS for elastic body P = C?(p — py). However,
impact simulations with rocky material utilize other EoS such as the tillotson EoS. In spite of
the difference of EoS, usual EoS for rocky bodies behaves like the EoS for elastic body if the
compression and the temperature raise due to impacts are moderate. Thus we can sill utilize
the Riemann solver for P = C?(p — pg) even if we utilize other EoS for rocky material. In

this case, we approximate Cs; and pg utilized for the Riemann solver using the physical values

associated with the i-th and j-th particles. A possible way to calculate C; and py is as follows:

po= 5[0~ PO + (ps — P/ (A.45)



Appendix B

Linear Stability Analysis for Godunov
SPH Method

In this chapter, we will summarize the results of the linear stability analysis of the equations
for the Godunov SPH method. This chapter is mainly based on Sugiura and Inutsuka (2016).
In this linear stability analysis, we use the following simplification. We ignore the terms of the
deviatoric stress tensor and set S} # — 0 because the deviatoric stress tensor generally prevents
the clumping of SPH particles, which leads to prevent the tensile instability. We also ignore
the Riemann solver and set Pj; = (P + P;)/2 because numerical viscosity terms including
the Riemann solver generally prevent numerical instabilities. We consider the cases that SPH
particles are put on cubic lattices, and the smoothing length h is set to be the side length of the
cubic lattices Axz. We conduct the linear stability analysis for the longitudinal perturbations
because the tensile instability is the instability of compressional waves. We utilize the equation
of state of P = C%(p — po). Unperturbed states have the uniform density and pressure, and all

SPH particles have the same mass m.

B.1 Derivation of Dispersion Relations

In unperturbed states, particles are placed on the square lattices with the side lengths Ax.

Unperturbed positions of particles are expressed as,

We add the perturbation of positions in the x-direction. Then the positions of particles are

represented as

136
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dx; = e, expl[l (kT; — wt)], (B.2)

where €, is very small value, k and w represent the wavenumber and frequency of the pertur-

bation respectively, and I represents the imaginary unit. Hereafter, ¢ shows very small value

and we ignore second or higher order of e.
From Eq. (B.2) and (d/dt)x; = v;, we can represent the velocity of the i-th particle as

= (—Iwdx;,0,0). (B.3)

The density in unperturbed states is now defined as p, and the density of the i-th particle

1S written as

pi =P+ 0p;,
dpi = e, expll(kT; — wt)]. (B.4)

From Eq. (2.19), we can write dp; using dz; as

0
D= Z = sinfk(T; — 7)) 5 W (12— %, h)%. (B.5)
Then we can represent pressure of the ¢-th particle as
Pi=P+ 6P, =P+ C?%p; = P — IC*pDdx;, (B.6)
where P = C%(p — py) represents the pressure in unperturbed states
From Eq. (A.21), the specific volume is represented as
(B.7)

1
P
From Eq. (A.21), the z-component of the specific volume gradient is linearized as
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The xz-component of the second derivative of V; is linearized using Eq. (A.21) as

0V, Zm@V 0

I
— x|, h) ~ —=C,Dé;. B.
T Wi — ], h) ~ = =C, Do, (B.9)

p; Ox; Oz;
We then substitute linearized quantities into Eq. (A.32), and finally we obtain the dispersion
relations (DRs) for the three interpolation methods. DR for the linear interpolation is expressed

as

P
= ~CiDa+ [2Da + Qb} , (B.10)

Wiinear —

where

a—Zsm 6 W(|x; — x|, \/_h)

P’

J#i 83:1
0?2 _— m
b= (1 - cos[k(T; — 93])])8_2 (| — =5, ﬁh)%. (B.11)
i
DR for the cubic spline interpolation is expressed as
) ) P 1, 1
Wopic = —C:Da+ —|2Da + 2b — §h Coe+ Ede , (B.12)
D

where

Zm 1= cosk (T — 7)) e W (25 — 751, V2

oy — azj|2 ﬁxl ﬁ

d=> (@i —75)(1 — cos[k(z; —x—jm% W (@ — ), \/_h) (B.13)

J#i !
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DR for the quintic spline interpolation is expressed as

P 3 3 3
wéuintic =—C2Da + 7 2Da + 2b + §h4CpB1,4 + 1—6h40pDA2,4 - ZhZOpBIQ
1 5 1
— Sh?C,DAsz +2C,Bio + 1—6ch14270], (B.14)

where

(T — xj _ .0 o m
- VN — W (1T — T V2R —
Apm E ’ sin[k(7; xj)]ax (|& — =51, V2h) =

scz—acj| p

nm Z ‘wl_w]’ 1_COS[k(x_Z_x_j)])aiEW(|m_l_m_7|’\/§h)% (B.15)

B.2 Results of Linear Stability Analysis

B.2.1 One-Dimensional Case

Here, we introduce the results of the linear stability analysis for the one-dimensional case.
One dimension means that we only put SPH particles on one-dimensional string and use the
Gaussian kernel for one dimension, i.e., we set dgi,, = 1 in Eq. (2.12).

Figure B.1 shows the DRs for three interpolation methods with the positive unperturbed
pressure (Fig.B.la) and the negative unperturbed pressure (Fig.B.1b). As we notice from
Fig. B.1a, w? for the linear and cubic spline interpolations with the positive pressure is always
positive for all wave numbers £ including the Nyquist frequency hk = 7, while w? for the quintic
spline interpolation with the positive pressure becomes negative around the Nyquist frequency.

2 are unstable, since w becomes pure imaginary

Note that the perturbations with negative w
and then the perturbations exponentially grow as we notice from Eq.(B.2). Therefore, the
linear and cubic spline interpolations are stable with positive pressure, while the quintic spline
interpolation is unstable with positive pressure. In contrast, Fig. B.1 shows that the linear
and cubic spline interpolation are unstable with negative pressure, while the quintic spline

interpolation is stable with negative pressure.

B.2.2 Two- and Three-Dimensional Case

Here, we introduce the results of the linear stability analysis for the two- and three-dimensional

cases. Again, two dimensions mean that we put SPH particles on two-dimensional plane and
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|

Figure B.1: DRs for the Godunov SPH method in a one-dimensional geometry. In both panels,
the horizontal axis represents the wave number £ of perturbations normalized by the smoothing
length h, the vertical axis represents the square of the angular frequency w of perturbations
normalized by the sound speed Cy and the smoothing length h, the red solid curve shows DR
for the linear interpolation, the green dotted curve shows that for the cubic spline interpolation,
and the blue dashed curve shows that for the quintic spline interpolation. The panel (a) shows
the DRs with the positive unperturbed pressure of P = 0.2C2p, and the panel (b) shows those
with the negative unperturbed pressure of P = —0.2C2p.

use the Gaussian kernel for two dimensions, i.e., we set dgi, = 2 in Eq. (2.12). Three dimensions
mean usual setup of simulations.

Actually, the terms a and b (Eq.(B.12)) in the DR for the linear interpolation have the
same values independent of the number of the spatial dimension. Thus the stability for the
linear interpolation is the same independent of the number of the spatial dimension; even for
two- and three-dimensional cases, the linear interpolation with positive pressure is stable while
that with negative pressure is unstable.

Figure B.2 shows the DRs for the cubic and quintic spline interpolations in the two- and
three-dimensional geometries with the positive pressure (Fig.B.2a) and the negative pressure
(Fig. B.2b). As we notice from Fig. B.2a both cubic and quintic spline interpolations in both
two- and three-dimensional geometries are unstable with the positive pressure. In contrast,
Fig. B.2b shows that both cubic and quintic spline interpolations in both two- and three-
dimensional geometries are stable with the negative pressure. Therefore, in two- and three-
dimensional cases, the cubic and quintic spline interpolations are unstable with positive pressure
and stable with negative pressure.

Summary of the discussion in Section B.2 leads to Table 2.1.
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Figure B.2: DRs for the Godunov SPH method in two- and three-dimensional geometries. In
both panels, the horizontal axis represents the wave number k of perturbations normalized by
the smoothing length h, the vertical axis represents the square of the angular frequency w of
perturbations normalized by the sound speed C and the smoothing length h, the red solid
curve shows the DR for the cubic spline interpolation in the two-dimensional case, the green
dotted curve shows that in the three-dimensional case, the blue dashed curve shows the DR for
the quintic spline interpolation in two-dimensional case, and the magenta chain curve shows
that in the three-dimensional case. The panel (a) shows the DRs with the positive unperturbed
pressure of P = 0.2C%p, and the panel (b) shows those with the negative unperturbed pressure
of P = —0.2C%p.

B.3 Suppression of Tensile Instability with Godunov SPH
Method

As a result of the analysis in above sections, we clarified the stability of the Godunov SPH
method with the three interpolation methods in each dimensional geometry as shown in Table
2.1. This result suggests that if we select appropriate interpolation methods depending on the
sign of pressure, we can avoid the tensile instability. Here, we propose the following way to
select the interpolation methods for V;3 in EoM (A.32), EoE (A.34), and the time-evolution

equation for S*° (A.36): V;7 in one dimension becomes

v2 — § Viewic i (B +F;) >0
i e it (P4 P)<0

ij,quintic

(B.16)

while Vg in two and three dimensions becomes
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V2. i (P4 Py) >0
2 _ ij,linear v J
Vij { VI (PP <0 (B.17)

ij,cubic

The correct selection of Vg depending on the sign of pressure as shown in Eq. (B.17) leads

to the simulations of elastic bodies without the tensile instability as shown in Figs. 2.1 and 2.2.
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