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The internal structure of small asteroids is fundamentally unknown due to lack of direct measurements.
The only clues on this topic come from theoretical considerations and from the comparison between
measured bulk densities of asteroids and their corresponding analogue meteorite densities. The mass
distribution and the void space between components in a gravitational aggregate determine the struc-
ture of such objects. In this paper we study numerically the dynamical and collisional evolution of the

Keywords: reaccumulation process of the fragments created in catastrophic collisions of asteroids in the 500 m to
Asteroids 10 km size range. An effort to consider irregularly shaped fragments is made by taking advantage of the
Interiors results of laboratory experiments that provide relative mass distributions and aspect ratios for fragment

Collisional physics shapes. We find that the processes that govern the final properties of the resulting aggregates are mainly
stochastic, however interesting patterns can be identified. This study matches estimated macro-porosities
of S-type asteroids and finds a loose linear relationship between macro-prorosity of asteroid aggregates
and the mass ratio of the largest component to the whole aggregate (for both S and C-types). As for
observed C-type asteroids, we conclude that their interiors should be more fragmented than in the case
of S-type asteroids, explaining the difference in the estimated macro-porosity of real C asteroids with
respect to S-types. We also find that slow rotators may be interpreted as a natural result in the process
of gravitational reaccumulation.
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oids. ‘Rubble pile’ is used in planetary science and geology to de-
scribe a variety of configurations and may lead to some confusion

1. Introduction

Despite major improvements to asteroid research have been
made in the last decades, no direct measurement of the internal
structure of asteroids has been possible yet. A new era of space ex-
ploration of asteroids using instrumentation capable of measuring
their interior structure is about to start but—at the moment—we
only can rely on theoretical and statistical findings, indirect mea-
surements and numerical simulations to understand the interiors
of asteroids.

From a theoretical point of view, Jeffreys (1947) and
Opik (1950) introduced the idea that some asteroids and comets
may not necessarily be monolithic objects governed only by mate-
rial solid state forces. Chapman (1978) used the term ‘rubble pile’
for the first time to indicate the result of the gravitational reaccu-
mulation of boulders derived from catastrophic collisions on aster-
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regarding precise definitions. The Richardson et al. (2002) chapter
in Asteroids Il made an effort to standardize terms for asteroid
structures consisting of multiple components kept together by
self-gravity and they are properly referred to as ‘gravitational
aggregates’ (GA) a terminology that we will adopt for the rest of
this paper. Petit and Farinella (1993) showed that gravitational
reaccumulation is indeed possible by calculating explicitly the
balance between the gravitational binding energy and the kinetic
energy of the fragments produced after catastrophic collision. The
energy condition that they found is a function of a number of
poorly known physical quantities, in particular of the critical shat-
tering specific energy Q¢, which is the minimum energy per unit
mass necessary to disrupt the parent body. Q¢ has been estimated
by laboratory experiments in the small size range of 10 to 20 cm
targets for many different materials. Values for multi-km objects
are derived by scaling theories and—alternatively—by numerical
simulations mainly based on Smoothed Particle Hydrodynamics
(SPH) and CTH (Combined Hydro and Radiation Transport Diffu-
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sion) codes (Love and Ahrens, 1996; Benz and Asphaug, 1999; Jutzi
et al., 2010; Leinhardt and Stewart, 2009).

The threshold specific energy for dispersal is strictly related to
the reaccumulation process itself and is indicated by Qj. This is
the specific energy necessary to disperse more than half of the
mass of the target body. We restrict this introduction on Qj to
the case in which the mass ratio between the projectile and the
target is small, which happens in the overwhelming majority of
shattering events due to the exponential size distribution of aster-
oids involved in collisional cascades (Campo Bagatin et al., 2001,
e.g.). Notice that Q¢ and Qj; are different. They are essentially the
same in the strength regime, that is in the size range at which
self-compression and self-gravity are not important (below some
100m). In the gravity regime, instead, they take different values
(Q# < Q}) due to the fact that Q¢ is essentially increased only by
self-compression as size increases, while Qj is furtherly increased
by self-gravitational energy between components. That makes the
target much harder to disperse than to shatter (Holsapple et al.,
2002).

Campo Bagatin et al. (2001) developed algorithms based on the
Petit and Farinella (1993) study to calculate and keep track of the
amount of reaccumulation occurring in any possible collision and
applied it to the numerical simulation of the collisional evolution
of the main asteroid belt. They found that a significant fraction (50
to 100%, depending on different physical assumptions) of objects
in the 10-100km size range are expected to be gravitational ag-
gregates.

In this work, we introduce a new approach to the study of as-
teroid internal structure, based on laboratory fragmentation exper-
iments (Durda et al.,, 2015) combined with numerical simulations
using the code pkdgrav, a package extensively adopted to deal with
N-body problems in planetary science. In particular, we exploit the
possibility to make irregular rigid structures with pkdgrav and fol-
low their dynamical and collisional evolution to gravitational ag-
gregate end states. Section 2 is a short summary of the observa-
tional evidences for the existence of GAs. Section 3 introduces the
basic parameters used to characterize the internal structure of as-
teroids. A brief summary of the work developed in the past on the
same topic is in Section 4. The detailed explanation of the method
used is in Section 5 and the corresponding results in Section 6. A
discussion of the results (Section 7) and the conclusions (Section 8)
close the paper.

2. Observational evidences for gravitational aggregates

The possibility that most asteroids ranging from a few hundreds
of meters to around a few hundreds of km in size are GA has
gained acceptance. The reason for this is mounting observational
evidence, largely discussed in Richardson et al. (2002), which we
shortly summarize here.

2.1. Low bulk densities

Few direct mass and shape measurements have been
performed: C-type asteroid Mathilde (Galileo space probe)
(Cheng, 2004)) and S-type asteroids Eros (NEAR space mis-
sion) (Cheng, 2002, 2004) and Itokawa (Hayabusa space mission)
(Yoshikawa et al., 2015, and references therein) were characterized
by spacecraft observations. Those measurements together with
multiple radar observations of binary NEAs and optical and NIR
observations are providing reliable estimations of bulk densities
for a statistically significant number of asteroids. Another way to
get a mass is to measure the Yarkovsky effect as was done for,
e.g., Bennu, the OSIRIS-REx mission target (Chesley et al., 2014).
Together with ground-based observations of the size, Bennu's
density was estimated. One of the most striking findings in close

observation and measurement of asteroids’ masses and sizes is
their apparent low densities. S- and C-class asteroids show lower
mass densities with respect to their corresponding meteorite
analogues (Carry, 2012). For example, the density of S-type As-
teroid Itokawa was estimated to be 1.9g/cm3 and that of C-type
Mathilde 1.3 g/cm3, clearly smaller than their corresponding ana-
logue meteorites, respectively around 3.0-3.5g/cm3 for ordinary
chondritess and 2.0-2.5g/cm3 for carbonaceous chondrites. The
measured density of Itokawa is consistent with about 40% void
space (Abe et al., 2006).

2.2. Fast rotation

Measurement of asteroid spin periods from lightcurve analysis
have placed constraints on asteroid properties. There apparently
is a sharp cutoff around 2.2 h for the spin period of asteroids;
very few asteroids larger than 200 m have been observed spinning
faster than this limit (Pravec and Harris, 2000). There is no reason
a priori why a monolothic body would be precluded from spinning
faster, suggesting that most asteroids larger than 200m have no
tensile strength. That can be explained if they are made of com-
ponents kept together by self-gravity. Holsapple (2007) showed
that some little tensile strength—mainly due to cohesion forces
between components—is necessary to explain the fastest observed
spin periods even below 2.2 h.

2.3. Giant craters

Besides martian satellites Phobos and Deimos (possibly aster-
oids captured by planet Mars), most asteroids directly imaged to
date (e.g., Gaspra, Ida, Mathilde, Eros, Steins, Lutetia, Steins) have
craters with large diameters, in some case as large as the ra-
dius of the object itself (Chapman, 2002; Michel et al., 2015).
Asphaug (1999) showed numerically that such features can be ex-
plained by the absorption of part of the impact energy by a GA
structure. A monolithic asteroid would not withstand collisions
able to produce those craters: they would be completely shattered
and dispersed in most cases.

24. Crater chains

Linear configurations of up to tens of equally spaced, similarly
sized impact craters that spread out over tens of kilometers have
been observed on the surface of planets and satellites. Melosh and
Schenk (1993) and Bottke et al. (1997) have suggested that these
catenae are impact signatures of fragment trains belonging to
tidally disrupted GAs, though attributed to comets in many cases.

2.5. Grooves

Linear depressions have been observed on every asteroid for
which high-resolution images of the surface have been obtained
(Thomas and Prockter, 2010). They are currently believed to form
where loose, incohesive regolith drains into underlying gaping fis-
sures. The fissures may not have been initially formed by impacts,
but they probably open every time a large impact jostles the inte-
rior of the asteroid, so the grooves may postdate the fissures them-
selves. The presence of grooves on an asteroid thus suggests that
its interior may be somewhat coherent but fractured.

2.6. Asteroid Itokawa

The most striking evidence of the existence of GAs probably is
the observation of asteroid 25143 Itokawa. This small and irregu-
lar (~ 500m x 300m x 200m size) S-asteroid—that was visited
by the Hayabusa spacecraft in 2006—shows many features that can
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be suitably explained by a GA structure. Boulder blocks as large as
those found on Itokawa could not have formed as cratering impact
ejecta on a body of this asteroid size, and the volume of mobile
regolith estimated on Itokawa is too great to be consistent with
any cratering activity. Itokawa’s volume of gravel-sized regolith is
consistent with extrapolation of its boulder size distribution (Saito
et al., 2006; Miyamoto et al., 2006), suggesting a fragmentation
size distribution. Those observations can be explained by a catas-
trophic disruption scenario for the formation of Itokawa followed
by the reaccumulation of part of the formed fragments. Neverthe-
less, the interior of Itokawa may contain intact fragments that ex-
ceed 100 m size.

3. Characterization of the internal structure of gravitational
aggregates

Campo Bagatin et al. (2001) and Richardson et al. (2002) de-
fined a gravitational aggregate as an object formed by many com-
ponents. GAs are often associated with the reaccumulation of frag-
ments of some former catastrophic collision, and they were de-
fined in such a way that the mass of the largest one (M;f) is not
larger than half of the mass of the whole object (M), fir = Mp/M <
0.5. That means that most of its mass is made of multiple single
components randomly piled up by gravity. Unless aggregate struc-
tures at km size range were primordial in the Solar System, a cir-
cumstance for which no evidence is shown, we will consider them
as the result of catastrophic fragmentation in the collisional evolu-
tion of the Main Asteroid Belt. fir relates to the relative kinetic en-
ergy of the impact (E) that produced the fragmentation that was at
the origin of the reaccumulated body and to the threshold energy
needed for the shattering of the target (Q¢), fir o (Q3/E)*, where
o = 1.24 according to Fujiwara et al. (1977) experiments. Finally,
fir is also related to the exponent of the cumulative mass distribu-
tion of the fragments generated in a given collision N(> m) « m™#,
with 8 =1 — fir (Petit and Farinella, 1993).

Relating mass and size ratios of components is not always
straightforward nor intuitive. It is easy to check that in the ide-
alized case of a threshold GA (fir = 0.5) of spherical shape, with a
spherical largest fragment right in the core of the body, the radius
of the whole structure would be just 26% larger than the radius
of the monolithic core itself. The internal structure of a GA is not
easy to characterize and the bulk mass density of an asteroid may
provide a first clue to its structure. In fact, the bulk density of an
asteroid can be compared to the density of meteorites that can be
considered to be its analogue material based on spectroscopic ob-
servation of the asteorid itself. Precise measurements of meteorite
densities are available and are summarized in Carry (2012).

Density is an indirect measurement itself which requires infor-
mation about the mass of the asteroid and its volume. The mass
can be estimated from close encounters with other asteroids and
space probes or by analysing the orbit of a satellite in the case of
binary asteroids (mostly among NEAs). It is much trickier to get
reliable estimates of the volume of an asteroid as the shape needs
to be derived together with a good estimation of its size. A com-
prehensive and updated discussion of those methods can be found
in Carry (2012). It is worth remembering that the uncertainty on
the estimation of these quantities can often be large. Unless mea-
surements are a consequence of close space-mission-fly-bys or by
detailed radar observations, volume estimates are very uncertain if
derived from optical observations, as no knowledge of the shape is
available and biases are possible in the determination of the albedo
of the object itself, which affects size estimation. For that reason
only a limited number of asteroids possess reliable estimations of
their bulk density (Carry, 2012).

Some information on asteroid structure can be derived through
the interpretation of its porosity, which is meant in this context

as the void space left between components within a given struc-
ture. This is usually referred to as macro-porosity in asteroid sci-
ence, not to be confused with micro-porosity, which refers to the
microscopic voids inside the structure of the analogue meteorites
as measured on Earth, typically ranging from O to a few percent.
In this work the term porosity will always refer to macro-porosity.
This parameter is related to the material, pm, and bulk, pj,, den-
sity:
p_ total void space _1_ P (1)
bulk volume Pm

Sometimes the term ‘packing fraction’ (PF) is used to define the
fraction of volume occupied by solid components inside a given
volume. This quantity is related to porosity as P = 1 — PF. Besides
bulk density and porosity, the ratio of the mass of the largest com-
ponent to the mass of the whole body (f;r) may be useful to have
an idea of what the structure of such a body is. We may hope
to estimate this parameter on some asteroids by means of low-
frequency radar measurements in the future.

Unfortunately, packing fraction (and therefore porosity) itself is
a scale-invariant parameter, so the information on internal struc-
ture that can be inferred from it is reduced. It is easy to show
that equal size spheres in a jar large enough to neglect wall ef-
fects will have the same packing fraction as smaller (or larger)
spheres filling the same jar. The same happens for any other ge-
ometric solid and for equal size distributions of spheres (or other
shapes). In this case the packing fraction only depends on the frac-
tal dimension of the given distribution. The same packing fraction
may correspond to a distribution of large boulders piled up by self-
gravity and to a sand pile with the same size distribution. There-
fore, even if porosity is very useful to understand a given struc-
ture, it provides no information about the texture of the structure
itself.

A phenomenological attempt to characterize structural diversity
was made by Richardson et al. (2002), who defined a Relative Ten-
sile Strength (RTS) as:

Tensile strength of object
Mean tensile strength of components

Based on porosity and RTS, Richardson et al. (2002) built up
a characterization that may be useful to distinguish among ob-
jects with different physical structures and impact responses. How-
ever, we find that such a high level of analysis is premature as the
amount of information available for the internal structure of aster-
oids to compare with is still limited. Therefore we will stick only
to those parameters that may help to compare asteroid observables
to numerical modelling.

Bulk density, pjp, porosity, P, and the largest component mass
ratio, fir = mig/M, are therefore convenient parameters to study
asteroid structure at the current level of knowledge.

RTS = (2)

4. Previous numerical work

Gravitational aggregates have been modelled in the past mostly
as monodisperse collections of spheres. Often the pkdgrav code, a
numerical package able to deal with the N-body problem and with
collisions between particles has been used. As we adopted an up-
dated version of this very code, it will be introduced later on with
some detail. The effects of low-speed collisions between GAs have
been studied in this way by Leinhardt et al. (2000) and—including
the effects of rotation—by Ballouz et al. (2014, 2015) and—by
means of a different code—by Takeda and Ohtsuki (2007, 2009).
This kind of modelling—based on Hard Sphere Discrete Ele-
ment Model—has also been used to understand the tidal effects
(Richardson et al., 1998) and the formation of binary asteroids as-
suming aggregate structures again as collections of monodisperse
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(Walsh and Richardson, 2006; Walsh et al., 2008) and multidis-
perse spheres (Walsh et al., 2012), as well as the shapes of as-
teroids under different spin states (Richardson et al., 2005; Tanga,
2009). A similar—Discrete Element Model (DEM)—numerical ap-
proach, including inter-particle van der Waals forces, Sanchez and
Scheeres (2012) studied the effect of rotational spin up on mul-
tidisperse spheres GAs with cohesion. Michel et al. (2001, 2002,
2004), Durda et al. (2004, 2007) and Benavidez et al. (2012,
2017) applied pkdgrav to the outcome of SPH codes to reproduce
cratering and shattering events, so that they could follow the evo-
lution of the ejected fragments. The code assumes spherical frag-
ments as created by the SPH and merged them again into spherical
particles as they collide at low speeds. In that way, they studied in
a comprehensive way the size distribution of many asteroid fami-
lies, reproducing them successfully in many cases.

Tanga et al. (1999) and Campo Bagatin and Petit (2001) used
a different ‘geometric’ approach to understand asteroid internal
structure: they made fragments grow from random seeds inside
a given volume (the asteroid overall volume) until contact sur-
faces met. In this way, with no physics involved in the pro-
cess, they managed to reproduce the size distributions of a num-
ber of asteroid families. The first attempts to abandon the ide-
alized spherical approach for aggregate components were car-
ried out by Korycansky and Asphaug (2006) who developed their
own code and performed numerical experiments similar to those
of Leinhardt et al. (2000) did, using polyhedral shapes for frag-
ments in both monodisperse and multidisperse configurations.
Richardson et al. (2009) and Michel and Richardson (2013) intro-
duced cohesion forces in pkdgrav code so that the fragments pro-
duced during the SPH phase would just stick together instead of
being merged into a new spherical fragment. That permitted ran-
dom irregular shapes for the ejecta. These components then may
aggregate by self-gravity, forming non-spherical objects.

5. Methodology

We introduce a new approach to the study of the internal struc-
ture of small bodies of the solar system considered as gravitational
aggregates of irregular-shape components, and we apply it to small
asteroids (500m to 10km equivalent diameter). We outline here
the strategy that we adopt to study this problem; details will be
given in the Sections 5.1, 5.2 and 5.3. The overall idea is to start
our simulations once a given catastrophic collision has taken place,
part of the fragments have escaped the system and the remaining
fragments are starting to come back and reaccumulate under mu-
tual gravitational interaction. We only worry about the accreting
fragments and do not simulate the fate of escaping ones.

Former numerical studies investigated the outcome of
catastophic disruption by means of SPH or CTH hydrodynam-
ics codes and followed the dynamical evolution of the resulting
fragments treated as spherical particles (see Section 4). We replace
that step by using the outcome of a set of laboratory experi-
ments of catastrophic fragmentation of basalt targets described
in Section 5.1 (Durda et al., 2015). We use measurements of the
experimental relative mass distributions (m;/M, where m; is the
mass of a given fragment and M the mass of the target) to get the
mass distributions of the synthetic components of our numerical
simulations. Given the chosen asteroid size range (500 m-10km)
to be simulated, in our case there is no need to scale the results of
laboratory experiments according to scaling laws for the threshold
specific energy for fragmentation (Qj) to obtain the correspond-
ing mass distributions. The Q}(=Q¢) values of our laboratory
sample targets (Q¢ =800 J/kg for targets around 7 cm equivalent
diameter impacted at 15 deg with respect to the normal direction)
corresponds roughly to the Q; in the chosen range of simulations
(1-10km) for most of the scaling-laws frequently used in asteroid
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Fig. 1. Scaling laws for Q; compared with experimental values of the basalt target
samples used at NASA Ames experiments (Durda et al., 2015). The gray band stands
for Q¢ experimental values corresponding to different impact angles.

modelling (Love and Ahrens, 1996; Melosh and Ryan, 1997; Benz
and Asphaug, 1999; Jutzi et al., 2010) as can be seen in Fig. 1. This
may seem surprising but is a consequence of the behaviour of
the scaling-law profiles derived theoretically and numerically for
Q}, as a function of size. In principle, scaling-laws allow for this
operation, however, no real experiment has been carried on so far
at asteroid scale, and we have to assume as an ansatz that the
fragmentation properties are similar for the asteroids as for the
lab-scale experiments.

The threshold energy for shattering decreases with size in the
strength regime until self-compression due to gravity and self-
potential energy make targets harder to shatter and disperse at in-
creasing size.

The governing parameter of the slope of the mass distribution
is the fraction of the largest fragment to the target mass, fir, and
this in turn depends on Q# and on the specific collision energy Q.
If both are very close to the actual values for asteroids, the ex-
perimental results are going to be the same in terms of relative
mass distribution and can be translated to real asteroid scale at
the given range.

Therefore, we build our synthetic fragments—for any given
simulation—by making a set of rigid aggregates using pkdgrav.
The mass distribution and the shapes of the fragments are drawn
at random from the mass distribution and from the distribution
of size ratios of the fragments measured in laboratory experi-
ments (Durda et al, 2015). Finally, we place our fragments in
space at random positions, with random velocities directed to-
wards the centre of mass and with random spins, then let pkdgrav
evolve them until they form a gravitational aggregate. We consider
that the aggregate has stabilized when the kinetic energy of its
components reaches asymptotic values. At that point we measure
its main physical parameters: bulk density, volume (therefore its
porosity), elongation and spin state. This process is explained with
full detail in the following subsections.

5.1. Fragmentation experiments (Durda et al., 2015)

The starting point of the methodology used in this work
is the results obtained in the set of impact and fragmentation
experiments carried out in July 2013 at the NASA Ames Ver-
tical Gun Range (AVGR) facilities, in Mountain View (Califor-
nia, USA). The results of those experiments were published in
Durda et al. (2015) and they were taken as the basic standard to
build the rigid aggregates that will be the basic components of our
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simulations of gravitational re-accumulation. The outcome of six
high-speed (4 to 5kmy/s) collisions on three spherical and three
irregular basalt targets were analysed, the mass of hundreds of
fragments created in the collisions were measured and the corre-
sponding mass spectra for each catastrophic impact were repre-
sented by cumulative mass distributions characterized by a power-
law of the form:

N(>m)oacm™? (3)

where N(>m) is the number of particles larger than a given
mass m and the exponent 8 ranged from 3/4 to 5/4. That was in
agreement with most past experimental studies of fragmentation
in hyper-velocity regime carried out since the eighties by differ-
ent researchers (Holsapple et al., 2002). In this sense, the mass-
frequency distributions found by Durda et al. (2015) have nothing
unusual about them with respect to many previous impact exper-
iment studies. We make reference to them to be consistent with
the fragment shape distributions taken from that work. The shapes
of each of the largest 36 fragments corresponding to each fragmen-
tation experiment were accurately measured, so that they could be
characterized by the length of 3 characteristic orthogonal axes. The
average size ratios (b/a,c/a) were found to be 0.7 and 0.4 respec-
tively. In this way we obtained 6 sets of largest fragment mass ra-
tios (fir), mass distributions (exponent 8) and fragment shapes for
the largest 36 fragments (Durda et al., 2015). Those experimental
results are used in this work to randomly select mass distributions
and shapes of fragments in the numerical simulations performed
by pkdgrav.

5.2. pkdgrav: A numerical package for N-body interactions

In order to carry out our numerical simulations of gravita-
tional reaccumulation, we use the pkdgrav code, a package cre-
ated at the University of Washington for cosmological modelling
(Richardson et al., 2000). It is basically a program designed to
calculate gravitational interaction in N-body problems, including a
complete treatment of all kinds of elastic and inelastic collisions
(Richardson et al., 2000; Stadel, 2001). Some of the applications
to solar system research have been summarized in Section 4. Re-
cently, the code has been updated to relax the hard-sphere ap-
proach and move to a soft-sphere discrete element method (SSDEM)
(Schwartz et al., 2012). We utilize this latest version of the code in
all numerical simulations. This model conserves angular momen-
tum but permits energy dissipation according to the selected ma-
terial parameters. In the soft-sphere approach, particles are permit-
ted to overlap very slightly (typically less than 1% of the radius of
the smallest particle) so that restoring and frictional forces may be
applied in proportion to the overlap. In other words, we are mod-
elling the contact physics explicitly, using an approach developed
in the granular physics community (Cundall and Strack, 1979). The
approach accounts for dissipation using coefficients of restitution,
and frictional forces arising from relative sliding, rolling, and twist-
ing motions at the contact point, each parameterized by dimen-
sionless coefficients. We used values appropriate for "gravel-like”
material, based on Yu et al. (2014). More details of the implemen-
tation are provided in Schwartz et al. (2012).

The pkdgrav feature that we exploit in this work is the possibil-
ity to model the behavior of bound (rigid) aggregates, represented
as sets of unbreakable spheres whose mutual offsets are forced to
be kept constant so that the whole aggregate moves as a single
rigid solid. Thus, the code deals with each of these rigid aggregates
as individual bodies, calculating the position and velocity vectors
of each mass centre and the corresponding inertia tensors. These
aggregates obey the Newtonian equations of motion, along with
the Euler equations for the rigid body (Richardson, 1995; Richard-
son et al., 2009). Such aggregates are also rigid in the sense that

they cannot deform nor break. When a collision between aggre-
gates takes place, the results are constrained by the parameters the
user previously defined in an input file. These parameters include
the degree of energy dissipation and the mechanical results when
particles bounce after colliding, according to normal and tangential
restitution coefficients, the coefficients of friction between surfaces
and the elasticity coefficient controlling the amount of overlapping
between spherical components in the soft sphere model.

The integration time step of a given simulation and the elastic-
ity coefficient are chosen to ensure that particle overlaps do not
exceed 1%, based on the range of particle sizes, aggregate masses,
and encounter speeds characteristic of each simulation. Excessive
overlaps trigger warnings or, in extreme cases, run failure, as a
safety feature.

Other parameters of special relevance, such as the normal (ey)
and tangential (&) restitution coefficients (the ratio between speed
in a given direction after and before collision) are chosen by the
user and they may range from 0 to 1. In preliminary tests the re-
sults of simulations have been shown to be essentially insensitive
to et when larger than 0.6. Instead, results are more sensitive to
the choice of ¢y. We took into account estimations for rocks and
trends for ey in experimental studies showing that this parame-
ter tends to take smaller values for coarse spheres as compared
to smooth spheres of the same material (Durda et al., 2013). Our
set of nominal values is (e, e7) = (0.3, 0.8). However we checked
our results against major changes in gy (see Section 6.6.2). Suit-
able values were chosen for sliding friction (¢s = 0.5), rolling fric-
tion (ur =0.1) and twisting friction (u; = 0.1) coefficients. Time
step and elasticity coefficient were respectively in the follow-
ing ranges: 8=(4.45x1073, 5.93x1073) s and k,=(3.045 x 1014,
1.37 x 1016) kg/s2, depending on the mass and scale range of the
initial conditions of the systems to be simulated.

5.3. Numerical simulations

The mass and shape (axis ratios) distributions obtained in
the experiments described in Section 5.2 were the starting point
from which random distributions of masses and shapes of the
synthetic fragments (often 'components’) were built for numerical
simulations.

From each of the six collisional experiments at NASA AVGR,
we worked out a relative mass (m;/M) distribution and the aspect
ratios for the largest 36 fragments. We label our experiments as
shot1, shot2, shot3, shot4, shot5 and shot6, corresponding to the 6
sets of experimental results.

For any given simulation we draw at random a number of frag-
ments from the corresponding experimental distribution. We de-
cided to limit that number to 36 to match the number of measured
shapes and in order to avoid having too many particles in the sim-
ulations that would have increased computing time. This gives us
a range for the total number of particles in each simulation be-
tween ~4000 and ~10000. Those 36 largest fragments represent
29% to 68% of the volume of the experimental targets, depending
on the considered shot. That covers a wide range of possible as-
teroid shattering events for which part of the mass would be dis-
persed (71% to 32%) and the rest will reaccumulate by self-gravity.
This choice is also justified by the fact that large fragments usu-
ally have the lowest ejection speeds in catastrophic fragmentation
(Nakamura and Fujiwara, 1991; Giblin, 1998) and are more likely
to be reassembled in the reaccumulation process than fines.

We build our synthetic irregularly shaped components out of
a mother sphere which is obtained by randomly assembling a
cloud of 5000 spherical particles by self-reaccumulation (Fig. 2).
Each component is a rigid aggregate made of spherical particles
(Section 5.2) and it has a temptative 3D ellipsoidal shape whose
axes ratios are randomly taken from the experimental distributions
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Fig. 2. The algorithm extracts components from a mother-cloud with 5000 particles. The colour code (online version) corresponds to mass ratio ranges, m;/m;c. m; is
any component mass, m;c is the mass of the largest component of the aggregate. m;/m;c correspond to 1 (white), 1/2 (yellow), 1/4 (red), 1/8 (green), 1/16 (b lue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

described in Section 5.1. A given density is assigned to the whole
sphere and that is the density of the components. For the sake of
simplicity we only considered two nominal densities: 3500 kg/m3
and 2500kg/m3, approximately corresponding respectively to av-
erage values for ordinary chondrites, assigned to be meteorite ana-
logues of S-type asteroids, and to carbonacous chondrites, assumed
as meteorite analogues of C-type asteroids.

The way fragments are extracted and distributed into space un-
der certain boundary conditions (relative distance between compo-
nents, overall volume, initial velocity and spin vectors, initial angu-
lar momentum) is controlled by the program cumulatur, an ad hoc
algorithm developed by the group at University of Alicante.

For any of the experimental distributions, we first of all maxi-
mize the size of the largest fragment so that it occupies the max-
imum volume inside the mother-sphere, in order to have the best
available resolution. For the rest of the fragments we draw at ran-
dom mass ratios m;/m;r from the corresponding relative mass dis-
tribution and sets of aspect ratios from the values obtained from
the empirical distributions of shapes. In this way we have a differ-
ent set of three values for axes ratios associated with each mass
ratio. This procedure can be repeated as many times as needed
depending on the number of components to be built. Finally the
whole distribution is scaled to a convenient size, keeping the den-
sity of components constant. Our nominal case is such that the
group of all components together has an equivalent spherical di-
ameter of ~2km.

In order to check the validity of our results over different
scales, simulations were run changing the scale of the whole sys-
tem in such a way that the final aggregates were set to be ap-
proximately 0.5km and 10km in equivalent diameter, respectively
(Section 6.6.1). In any given simulation, components have to be
located in space under suitable boundary conditions. The largest
component of the distribution is placed at the centre of the coor-
dinate system and the rest are randomly located in space freely or
within a given limiting volume. Overlaps are avoided in the set up
process by spacing components suitably.

Different values for the limiting overall volume have been con-
sidered to check the dependence of the results on boundary con-
ditions. We take, as unit size for the radius of the boundary
volume sphere within which synthetic components may be dis-
tributed, the radius R, of the equivalent sphere of volume V, con-
taining the mass of all the components in each simulation. We
choose as possible values for the sphere radii the sequence of val-
ues 2.000-Re, 3.175-Re, 4.000-R. and 5.045 - R,. This choice corre-

sponds to boundary sphere volumes that double with respect to
each other so that V, = 2V3 = 4V, = 8V; = 16V..

A radial velocity directed towards the centre of mass and a spin
vector are assigned randomly to every component within given
ranges. The velocity distribution is taken as uniform up to val-
ues smaller than the escape speed (typically a few tens of cm/s
for km-size objects, depending on the mass of the system). Our
initial conditions are a snapshot of the dynamical situation of the
fragments that are bound gravitationally, once they have inverted
the direction of their velocity vector and are on their way back to
the centre of mass of the system. Nobody knows what the velocity
distribution is at that point. Moreover, fragments do not invert the
direction of velocity at the same time. Assuming any kind of dis-
tribution at a given time is indeed arbitrary, so we chose a simple
uniform distribution of speed values. No mass-velocity dependence
is assumed in this phase.

The rotation period of each component was drawn from a flat
distribution centered on 6 h average spin period in the range 0-
12 h. Again, there is little knowledge on the spin distribution
of fragments coming out from shattering experiments, therefore
any assumption is arbitrary. Main Belt asteroids are collisionally
evolved, which causes their spin periods to approximately match
a Maxwellian distribution (Farinella et al., 1981) centred at about
6 h. In our case, the spin distribution coming out of shatter-
ing events is not necessarily non-uniform and certainly not col-
lisionally evolved. Therefore, we assumed a simple flat distribu-
tion for the spin rates of components within the range mentioned
above, centered on the average value of Main Belt asteroid spin
rates.

Once radial velocities and spins are assigned, it is possible to
change the value of the overall angular momentum to match spe-
cific situations. In this way, we are simulating the initial conditions
of a mass distribution of fragments with irregular shapes that are
at the beginning of the reaccumulation phase following a catas-
trophic disruption where the fragments with ejection speeds larger
than the escape limit have already left the system.

pkdgrav allows the system to gravitationally and collisionally
evolve until stabilization. When the simulation is over, volume,
density, porosity and elongation are calculated by a suitable al-
gorithm (bulkvol) developed for this purpose in the frame of this
research.

Elongation is a measure of off-centre mass distribution of the
reaccumulated body and is calculated as the distance between the
position of the centre of mass of the largest component, 7, and
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the position of the centre of mass of the rest of components, i,
normalized to the radius of the equivalent sphere of the aggregate
(the sphere whose volume is equal to the volume of the aggregate
itself), Re.

i — el
E= T (4)

Alternative metrics for elongation are possible, but we rather
wanted to highlight the asymmetry of the final distribution with
respect to the position of the largest component. In this way, a
roundish body with its largest component on one side of it will
have a larger elongation than a similar shaped body with its largest
component in the centre of the structure.

The determination of the volume V} of a reaccumulated body
is an inherently complex problem because the surfaces of GAs are
hard to define. However it is possible to estimate them with dif-
ferent techniques and we finally chose the DEEVE (Dynamically
Equivalent Equal Volume Ellipsoid) method, widely used for the
calculation of the volume of irregular bodies in observational sur-
veys.

This method is based on a general result that equates the vol-
ume of any rigid solid with that of the triaxial ellipsoid whose axes
coincide with the principal axes of inertia of the solid itself. For-
mally it is necessary to calculate the inertia tensor of the reac-
cumulated body with respect to a system of axes located in the
centre of mass of the system. The eigenvalues of this tensor are
the principal moments of inertia of the rigid solid (Ix, Iyy,lz;) in
the body frame. The inertia tensor of a triaxial ellipsoid is a diag-
onal matrix and there is a direct relation between its axes length
(, B,y) and the principal moments of inertia of the rigid solid. For
the ellipsoid to be dynamically equivalent to the rigid solid, the
moments of inertia of the ellipsoid and the solid must be equal.
When that requirement is satisfied, the volume of the ellipsoid is
equal to the volume of the rigid solid itself, no matter how irregu-
lar the shape of the body is.

The principal moments of inertia can be expressed for a triaxial
ellipsoid in terms of its spin axes and total mass M:

= Mg y)
M
Ly = g(az + Vz)

L=2(+ )

where «, B8,y can be worked out from the previous relationships
and the volume of the triaxial ellipsoid equal to that of the rigid
solid is:

V=T p -y (5)

Specifically, this calculation was done by rotating each aggre-
gate so that its principal axes of inertia overlap the axes of the
space frame defined by pkdgrav and calculating the corresponding
moments of inertia Ixx, lyy, L.

Porosity was already defined in Section 3 and in this context it
can be calculated as P =1 — (p,/pm), where p; is the bulk den-
sity of the object, and pn is the density of its single compo-
nents. This parameter is equivalent to the percentage of void space
in a body’s volume. Taking V,, as the bulk volume of the object
and V, as the volume corresponding to all empty spaces inside
the aggregate, the formal definition of porosity can be expressed
as P=V,/V,.

This procedure is repeated for most simulations performed us-
ing two choices of bulk density. One such series, correspond-
ing to S-type asteroids, uses components with a density of about

3500 kg/m3, similar to the average value for meteorites in the class
of ordinary chondrites, made mostly of silicate minerals. In the
other series, corresponding to C-type asteroids, we work with com-
ponents whose density is similar to that of carbonaceous chon-
drites, about 2500 kg/m?3.

The spin period of any final aggregate is given as an output of
the pkdgrav code itself and the elongation is eventually calculated
for the final structure.

6. Results

The results of the numerical study that we carried on may de-
pend on a number of different boundary conditions, such as the
total mass of the system, the volume occupied by the initial distri-
bution of components at the very beginning of the reaccumulation
phase, the density of components, the shape and mass distribu-
tion and the angular momentum of the system. As our main inter-
est is the internal structure of small asteroids, in particular NEAs,
our nominal case corresponds to a mass such that the reaccumu-
lated body is about 2km in diameter, considering single compo-
nents with density 3500 kg/m3 (nominal case, corresponding to S-
type asteroids). Simulations to check the applicability of our results
to other size ranges have been performed as well and the results
are shown in Section 6.6.1. As previously discussed, our starting
point is the set of former laboratory impact experiments. Six shots
were performed at that time, but we recovered complete shape
and mass distribution for 5 of them, namely shotl, shot2, shot3,
shot4 and shot5. Each experiment resulted in its own f;r and mass
distribution from which the synthetic mass distributions are ran-
domly generated. Each random distribution itself is characterized
by the ratio of the mass of the largest of the 36 components con-
sidered to the mass of the whole generated structure. We name
this fic = my/M to distinguish it from fir. To make this clear let us
just recall that fir is the fraction of mass of the largest fragment
with respect to the target mass. fic instead is the fraction of mass
of the largest component of the aggregate structure with respect to
the mass of the aggregate itself. These mass fractions make refer-
ence to two different objects: the target is the parent body before
an impact takes place, while the aggregate is the object formed af-
ter the impact occurs (with loss of part of the target’s mass) and
gravitational reaccumulation takes place. The outcome of our simu-
lations is described in terms of density, p (kg/m3), porosity, P, spin
period, T(h), and elongation, E, of the aggregate structure. In what
follows we first describe two stages of our simulation runs: Stage
1 and Stage 2 differ mainly in the fact that in Stage 1 the com-
ponents are set at random in space without any specific limiting
volume, while in Stage 2 the limiting volume is the main bound-
ary condition for the simulations.

Each simulation typically takes about two weeks of CPU time
to complete on each of our 16 processors at clock frequency of
2.7 Ghz. Typical reaccumulation times for our collapsing structures
to stabilize are between 3 and 5 hours of real time. This may be
compared to the theoretical free-fall time of the same mass spread
over some typical initial volume so that mass density is p, which
is tpr =66430/(0%%) ~2 h (where p is in kg/m3). Our structures
take longer than tg to settle down due to multiple damped re-
bound of the components.

We do not report our findings on the morphology of the di-
verse aggregate structures obtained in this research. That will be
the main topic of a forthcoming paper.

6.1. Stage 1

We started our sets of numerical simulations by running 8 sim-
ulations per each experimental shot, that makes 40 simulations.
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Fig. 3. Cumulative relative mass frequency distributions of the synthetic components of simulations in Stage 1. The gray (online: red) line is the corresponding experimental
shot mass frequency distribution. The 8 synthetic distributions on each panel are not labelled as they correspond to random distributions with no specific characteristics.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

As for the boundary volume conditions at this stage, for each sim-
ulation, the synthetic components were set at random in space at
the beginning with the only condition that no component was set
farther away from the centre of mass than 8 times the radius of
the ideal equivalent sphere formed by all the components. For each
shot, the cumulative relative mass spectrum of the synthetic com-
ponents is shown in Fig. 3 with the relative mass distribution of
the corresponding fragmentation experiment.

Table 1 reports the results obtained in the described set of sim-
ulations. Specifically, beyond the input parameter f;c, the normal-

ized angular momentum, NAM = L/(GM3R)/2, the bulk density of
the aggregate structure (p), its porosity (P), rotation period (T) and
elongation (E) are reported.

At any stage of this research, some of the simulations did not
result in aggregates within our standard CPU times, due—in most
cases—to an excess of angular momentum of the system leading to
temporary dispersion of a significant part of the structure. Those
cases are indicated as ‘N.R.” which stand for ‘Not Reaccumulated’.
Due to CPU time restrictions, these long-term evolution system
evolutions had to be excluded from our results.
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Table 1

Simulations corresponding to Stage 1 (S-type typical density), where numerals from 1 to 8 label the
simulation run for each shot. p (density in kg/m?), fic (mass fraction of the largest component to the
whole mass of the structure), NAM (normalized angular momentum), P (porosity), T (rotation period in
hours), E (elongation), N.R. indicates that the structure was ‘not reaccumulated’ (see text).

Shot Simulation
1 2 3 4 5 6 7 8

Jic 02511 02249 01689 02142 02038 02171 01734  0.2658

NAM 01786  0.0480 0.0381 0.0489 0.0651 00608 0.0292 01531
Shotl  p 2121 2131 2266 2304 2421 2651 2441 2518

P 04140 04114 03746 03639 03316 02679 03261  0.3041

T 3.730 10.60 12.21 21.00 5.830 4.840 21.40 3.030

E 17311 17599 12348 14281 08612 0.6846 03527  1.0028

fic 03145 NR. N.R. 03096 N.R 02809  NR. 0.2727

NAM 00977 NR. N.R. 0.0520 NR 0.0874 NR. 0.0477
Shot2 p 2492 N.R. N.R. 2385 N.R 2098 NR. 2296

P 03091 NR. N.R. 03389 NR 04189  NR. 0.3641

T 5.460 N.R. N.R. 4170 N.R 4.650 NR. 5.270

E 1.0403 NR N.R. 11011 NR. 18110 NR 1.4957

Jic 02050 02281 02514 02179 02304 02228 02236 0.2139

NAM 00381 01155 0.0359 0.0369 02575 02782 01194  0.0579
Shot3  p 2050 2113 2334 2158 2183 2186 2284 2294

P 04287 04101 03475 03980 0.3906  0.3900 0.3628  0.3603

T 35.10 14.10 20.10 26.00 43.60 25.90 6.370 11.10

E 13087 14649 05761 14942 14169 13016  0.8740  0.5894

fic 03620 03620 03829 NR 03520 NR. 04720 NR

NAM 03895 00110 00847 NR. 01000 NR. 01227 NR
Shot4 p 2470 2455 2654 N.R. 2473 N.R. 2314 N.R

P 03076 03116 02551 NR 03174  NR. 03477 NR

T 9.996 8.528 7130 N.R. 8.590 N.R. 9.060 N.R

E 12940 13161 03677 NR 10356 NR 0.7645 NR.

fic 04568  NR. 03394 NR N.R 03356  NR. NR.

NAM 00072 NR 0.4635 NR N.R 03263 NR. NR.
Shots  p 2507 N.R. 2288 N.R N.R. 2264 N.R. N.R.

P 02890 NR. 03563 NR NR. 03630 NR. NR.

T 135.0 N.R. 23.91 NR. N.R 4,532 NR. NR.

E 10077 NR 13623  NR. N.R 15531  NR. N.R.

6.2. Stage 2

In order to check any influence on the results due to the
volume of the initial distribution of the structure components,
we performed a second set of numerical simulations, where we
limited the boundary volume where components may be placed
at random at the beginning of simulations. As described in
Section 5.3, we chose 4 different initial boundary volumes (IBV).

The inspection of our parameter space implies again a large
number of simulations. For this reason we decided to limit the to-
tal number of simulations and distribute them in multiples of 8 for
operational reasons, on one hand, as we had 16 available proces-
sors on which the simulations had to be run. On the other hand,
shot1 and shot3 resulted in very similar values of fjr, and there-
fore redundant, so we decided not to run simulations correspond-
ing to shotl. Therefore, 32 total simulations were run at this stage
for each of the two values assumed for mass density of compo-
nents, corresponding respectively to S and C-type asteroids.

In this way we mean to check if any dynamical difference is
implied when changing mass density within a range of meaningful
values in an asteroidal context. Finally, for any given case, two dif-
ferent simulations with different values of the angular momentum
of the whole system were run, keeping all other boundary condi-
tions constant (shape and mass distribution, location and velocity
of components). The first set of runs have angular momentum val-
ues (CASE A) correspond to completely random values, while the
second set (CASE B) is modulated in such a way that the resulting
gravitational aggregate has a rotational period typical of NEAs in
the studied size range (below ~6h).

Figs. 4 and 5 show the mass spectrum—in the case of S and C-
type asteroids respectively—of each set of four different values of

IBV corresponding to shot2, shot3, shot4, shot5, and the correspond-
ing outcome.

Tables 2 and 3 report the results of each set of four different
values of IBV corresponding to the same 4 shots and the corre-
sponding outcome.

6.3. The spin period of gravitational aggregates

The histogram for the rotational period of the resulting aggre-
gates is shown for all the simulations that were run with initial
random values of the angular momentum of each system (Fig. 6),
irrespective of the initial boundary volume of their components
and their density. In this plot the ‘forced’ large angular momentum
simulations are not included (CASE B in Tables 2 and 3). Histogram
is shown for both S and C-type analogue mass densities. It shows
an apparent concentration of values below 24 hours and a num-
ber of ‘slow rotators’, that is aggregates that have large rotational
periods as a consequence of low values of the angular momentum
of the system itself. This is shown in Fig. 7, where rotational pe-
riods are plotted as a function of the Normalized Angular Momen-
tum (NAM). Values for rotational periods ranging from relatively
fast spins (3.0 h) to periods longer than 24 hours (with a maxi-
mum value of 147.5 h) are found. The mean value of the whole
distribution is 21.2 h, while the median is 10.6 h. The mean value
for the periods of the reaccumulated bodies in the simulations is
9.8 h, when excluding from the calculation the bodies with rota-
tion periods longer than 24 h.

When looking at the influence on rotational periods due to
other boundary conditions, no correlation was found with their
corresponding mass fraction fic nor the initial volume.
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Fig. 4. Same as in Fig. 3 but in the case of S-type density in Stage 2.

6.4. The elongation of gravitational aggregates

The distribution of elongation values obtained in all numerical
simulations are shown in Fig. 8. A sort of bimodal distribution can
be seen corresponding to two main morphological families found:
rounded and elongated aggregates. No correlation has been found
between the aggregates elongation and their corresponding fj val-
ues nor their NAM. This seems to be a characteristic of the stochas-
tic nature of the reaccumulation process that shows up in our sim-
ulations.

6.5. The porosity of gravitational aggregates

We generally find the porosities of the reaccumulated bodies
are greater than 20%, as can be seen in Tables 1, 2 and 3. There are
no significant differences between S and C-type asteroids; in fact,
mean values are 33 +5% for S-type and 31+ 6% for C-type. Fig. 9
shows the histogram of the values obtained for porosity for both
S and C-type generated aggregates, including both Stage 1 and 2
simulations.

Fig. 10 shows the distribution obtained for porosity as a func-
tion of fi¢ (Stage 1 and 2 simulations) for S and C-type asteroids.
This result suggests that—although the distribution looks some-
what scattered—a clear trend may be identified for porosity to in-
crease as the values of the mass fraction f;- decrease. No remark-
able difference shows up when discriminating different compo-

nents density (S vs. C-type asteroids). It is interesting to point out
that fic values larger than 0.30 imply porosity below 38%.

The outcome of asteroid impacts may go well beyond the con-
ditions scaled from our laboratory impacts. In particular, for very
energetic impacts, the amount of specific energy may be large and
both fir and fijc values would be smaller than those measured in
such experiments. In order to expand the range of fic beyond the
smallest values found in our Stage 1 and Stage 2 simulations, we
have calculated the bulk volume and porosity of our simulated ag-
gregates when we exclude the largest component. This artificial
operation confirms the trend above, however, this extension of the
porosity distribution has to be taken with care as it was not di-
rectly obtained by performing further numerical simulations. Due
to the demanding CPU time, for operational reasons actual simula-
tions in the fj- <0.2 range will be carried on in future work.

Fitting the porosity distribution corresponding to S- and C-types
(only actual simulations) by a least-squares method gives:

S-type:

ps = —0.318 fic +0.444 (6)
C-type:

pc = —0.515 fi-+0.483 (7)
For the joint distribution, we get:

psc = —0.425 fic + 0.455 (8)



A. Campo Bagatin et al./Icarus 302 (2018) 343-359

) Shot 2
10 "
—— Shot2-2B
— — — Shot2-3175B
Shot2-4B
—-— Shot2-504B
Experimental
~ N
\
9 )
Z 10 ¢} N
N
\ |
N
N
I
10° — -
10 10 10
m./m
i
, Shot 4
10 ;
— Shot4-2B
— — — Shot4-3175B
Shot4-4B
— - — Shot4-504B
Experimental
z 10"}
10° —
10 10 10
m./m,

0

353
) Shot 3
10 "
—— Shot3-2B
— — — Shot3-3175B
Shot3-4B
L — — Shot3-504B
. \ Experimental
N\
AN
N
N
1 s b
Z10'} L
W1
(1B
\l
X
X N
0
10— > 0
10 10 10
m./m
i
) Shot 5
10 ;
— Shot5-2B
— — — Shot5-3175B
Shot5-4B
— - — Shot5-504B
Experimental
1
Z 10|
0
10 -2 -1 0
10 10 10
m./m,

Fig. 5. Same as in Fig. 3 but in the case of C-type density in Stage 2.

The linear-correlation coefficient for these distributions are rg =
0.446, rc = 0.556 and rgc = 0.488, which suggest a moderate cor-
relation, as evident in the plot. Those relationships may be in-
verted to estimate the mass fraction of the largest component to
the whole mass in any given structure for which an estimate of
porosity is available.

No apparent correlation seems to exist between porosity and
normalized angular momentum (NAM), let alone that there may be
a loose trend for minimum porosity to grow at increasing values of
normalized angular momentum.

6.6. Checking validity of results

6.6.1. Size range

Even if the nominal size of our synthetic aggregates is around
2 km, we wished to check if the obtained results are sensitive to a
change of scale within the range of what can be classified as small
asteroids. For this reason we varied the boundary conditions and
the mass and size of the initial distribution of components to ob-
tain different sizes of the reaccumulated objects. Two sets of sim-
ulations were performed to get aggregates of around 500 m and
10 km equivalent diameter, respectively. We chose 8 cases from the
Stage 2 set of simulations with different values of f;- and different
initial volume, so to inspect a wide range of initial mass distribu-

tions and fjc values. The density of components was kept constant
and we simply suitably scaled—in each case—the mass distribution
and boundary volume. Initial velocity vectors and rotation spins
of components were maintained constant so that angular momen-
tum magnitude is scaled accordingly but the vector direction is not
changed with respect to the nominal case.

Table 4 compiles the values of porosity, rotation period and
elongation obtained by that further set of numerical simulations as
compared to the nominal case. The comparison shows no signifi-
cant difference in the porosity outcome. Elongation shows minor
changes in many cases, as the shape of aggregates may be slightly
different when the same situation is scaled in size.

Spin periods show changes up to a factor of 5, which means
that scaling such systems in size (and mass) results in different
rotation states corresponding to the same—but scaled in size—
boundary conditions. However, the spin period distributions corre-
sponding to each size scale are statistically indistinguishable, con-
firming the stochasticity of the large sequence of low-speed colli-
sions that takes place before stabilization of the end structure is
achieved.

6.6.2. Dependence on normal restitution coefficient.
As previously mentioned in Section 5.2, the effect of the nor-
mal restitution coefficient on simulation results is a delicate issue
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Simulations for Stage 2 (S-type simulated aggregate asteroids), where numbers from 2.000 to 5.045
label the initial radius (R, in units of the radius R, of the equivalent sphere whose mass is equivalent
to the total mass of the components, as described in Section 5.3) of the volume within which the initial
components are spatially distributed for each shot. Case A and B differ in the initial angular momentum

of the whole structure. Symbols as in Table 1.

Shot Ro 2.000 3.175 4.000 5.045
Case A Case B Case A Case B Case A Case B Case A Case B
fic 0.2834  0.2640 0.2848 N.R. 0.3083 N.R. 0.3111 N.R.
NAM  0.0347 0.2933 0.1386 N.R. 0.3126 N.R. 0.1602 N.R.
Shot2 p 2491 2491 2405 N.R. 2290 N.R. 2509 N.R.
P 0.3098 0.3101 0.3338 N.R. 03654 N.R 0.3046 N.R.
T 19.88 2.871 7.106 N.R. 3.951 N.R. 5.889 N.R.
E 0.4098 0.4103 1.2652 N.R. 0.9198 N.R. 0.9638 N.R.
fic 0.2117 0.2179 0.1998 0.1344 0.2107 N.R. 02300 N.R
NAM  0.0054  0.2543 0.0075 0.2508  0.0055 N.R. 0.0177 N.R.
Shot3  p 2403 2346 2386 2319 2180 N.R. 2344 N.R.
P 03300  0.3457 03350 0.3562 0.3922 N.R. 0.3456 N.R.
T 114.9 3.798 79.74 2.961 15.21 N.R. 37.10 N.R.
E 0.2264  0.1768 0.0718 0.3183 11132 N.R. 0.3665 N.R.
fic 0.3573 03945 0.3722 0.3730 N.R 0.5575 0.4032  0.4286
NAM  0.0410 0.1037 0.0518 02959 N.R 0.1759 0.1158 0.0957
Shotd p 2765 2726 2681 2308 N.R. 2589 2456 2606
P 02249  0.2346  0.2479 0.3525 N.R 0.2669 03099  0.2699
T 12.41 5.545 10.98 3.156 N.R. 4.767 7.526 8.465
E 0.2732 0.2839  0.4415 09462 N.R. 11114 0.8763 0.8936
fie 0.4726 04256 04285 0.4439 03600 0.3615 0.3780 0.2030
NAM  0.161 0.2192 02054 0.2040 0.1348 0.1739 0.4812 0.2109
Shot5 p 2731 2757 2649 2649 2481 2380 2559 2251
P 0.2247 0.2199 0.2501 0.2439  0.3010 03293  0.2780 0.3722
T 35.99 2.930 3.626 3.626 5.533 4.774 2491 3.398
E 03886  0.3744 0.4674 0.4666  0.6945 0.9008 1.0554 11811
Table 3
Same as Table 2 in the case of C-type simulated aggregate asteroids.
Shot Ro(Reg)  2.000 3.175 4.000 5.045
Case A Case B Case A Case B Case A Case B Case A Case B
fic 0.3204 03504  0.2865 N.R. 0.3566  N.R. N.R. N.R.
NAM 0.1653 0.7830  0.2132 N.R 0.7986  N.R. N.R. N.R.
Shot2 p 1800 1815 1628 N.R. 1520 N.R. N.R. N.R.
P 0.2515 0.2400 03236 N.R. 0.3674 N.R. N.R. N.R.
T 6.2200  3.950 5.650 N.R. 63.30 N.R N.R. N.R.
E 0.4700 0.2110 0.8174 N.R. 1.2924 N.R. N.R. N.R.
fic 0.1766 02290 0.2358 0.2590  0.2183 0.2341 0.2212 0.2383
NAM 0.0846  0.3183 0.0567 03404 0.2069 03713 0.1062 0.5183
Shot3 p 1617 1545 1591 1403 1414 1477 1537 1482
P 0.3253 03530 03336 04114 0.4086  0.3813 0.3570 0.3791
T 12.72 5.130 19.04 5131 6.620 6.640 12.52 4.800
E 0.1995 0.2573 0.3412 0.3185 0.8806  0.3196 1.0699 0.1337
fic 04236  0.4916 03764  0.4122 03979 NR 0.4048  0.4570
NAM 0.1811 0.1466 0.0578 0.5895  0.2246 N.R. 0.0944  0.1982
Shot4 14 1795 1923 1787 1640 1512 N.R. 1768 1767
P 02430  0.1864 0.2487 03089  0.3633 N.R. 0.2552  0.2534
T 5.970 3.530 20.48 5.640 6.500 N.R. 11.73 4.790
E 0.6002  0.3783 0.1906 0.3087  0.8541 N.R. 04784  0.8811
Jfic 0.4185 04242  0.4625 N.R. N.R. 0.3474 0.3629 N.R.
NAM 0.1049 0.2450 0.3235 N.R. N.R. 0.2099  0.1112 N.R.
Shot5 p 1779 1740 1813 N.R. N.R. 1537 1574 N.R.
P 0.2451 0.2616 0.2285 N.R. N.R. 03508  0.3348 N.R.
T 9.330 5.170 7.858 N.R. N.R. 11.87 145.0 N.R.
E 0.3125 0.3125 0.7043 N.R. N.R. 1.2701 1.3205 N.R.

that needs to be checked to understand its potential implication on
the interpretation of results. The nominal value is ey = 0.3, which
corresponds to rough surfaces and to measured values for rocks’,
as expected for asteroid components. €y = 0.5 and 0.8 are two al-
ternative values chosen to check the effect of this parameter. The
latter value is typical of smooth glass, metallic and granite spheres.
This check was performed by running 8 simulations for the nomi-

1 https://www.rocscience.com/help/rocfall/webhelp/baggage/rn_rt_table.htm.

nal case corresponding to S-type meteorite analogue density. After
checking the effect on the results, we extended the test to 4 cases
corresponding to C-type components. Similarly to Section 6.6.1, we
re-used the boundary and initial conditions of a subset of the sim-
ulations performed in Stage 2. In this case, every physical parame-
ter and boundary condition is exactly the same, except for the €y
value. The results of this final stage of simulations are gathered in
Tables 5 and 6.

The most important conclusion that can be derived from this
test is that the results obtained for porosity are very robust against
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Fig. 6. Histogram of the spin period values for all simulations (except CASE B in
Stage 2).
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Fig. 7. Spin period as a function of NAM for S- and C-type generated aggregates for
simulations in Stage 1 and Stage 2 (except CASE B).
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Fig. 8. Histogram of the values obtained for elongation—as defined in the text—
corresponding to all the simulations run in Stage 1 and Stage 2.
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ated aggregate asteroids (Stage 1 and 2 simulations).
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Fig. 10. Porosity as a function of fjc for S and C-type generated aggregates (Stage 1
and 2). Triangles stand for porosity values obtained withdrawing the largest compo-
nent from the simulated aggregates, as explained in the text (Section 7.2). Therefore,
data points corresponding to fic <0.2 have to be considered with care. An inverse
linear trend for porosity as a function of fic is indicated by the broken line.

changes in €y, especially in the range of reasonable values for this
parameter (0.3-0.5). This holds even for 2/3 of the test simula-
tions run with €y = 0.8; some instead (1/4) ended up with the sys-
tem not completely aggregated. That is due to less efficient energy
dissipation that may lead some of the components with relatively
large kinetic energy to spend a large amount of time far from the
rest of components before finally reaccumulate. However, values
higher than 0.5 are probably not representative of real irregular
shaped and rough rocky material, if they behave at asteroid scales
as they do at typical terrestrial rock scale.

As for the results for elongation and spin period, the compar-
ison for different values of €y shows again the stochastic nature
of reaccumulation and differences in the final results clearly ap-
pear. Changing €y changes the outcome at any single rebound in
unpredictable ways, generating different final shapes and therefore
different spin periods.



356 A. Campo Bagatin et al./Icarus 302 (2018) 343-359

Table 4

Comparison of results for S-type simulated aggregate asteroids, vary-
ing the size of the final aggregates (columns 2 to 4). Columns 5 to
7 indicate the boundary conditions under which the comparison is

made.

Final Size (km) Boundary conditions
0.5km  2km 10km  fic Ry Shot
0.3272 03300 0.3345 0.2179 2.000 3
02235 0.2249  0.2231 03945 2.000 4
0.3471 03380 0.3325 0.2848 3.175 2

P 0.2549  0.2501 02189 04285 3.175 5
0.3817 03654 0.3484 03120 4.000 2
02892 03010 02812 0.3600 4.000 5
03526 0.3456 03020 0.2300 5045 3
02785 03099 02610 04230 5045 4
49.23 114.9 80.32 0.2179 2.000 3
1241 5.545 19.31 03945 2.000 4
4.083 7.106 3.711 0.2848  3.175 2

T (h) 3.346 3.626 11.66 04285 3175 5
8.771 3.951 12.07 03120 4.000 2
12.02 5.533 7173 03600 4.000 5
50.51 3710 71.41 02300 5.045 3
38.50 7.526 6.475 04230 5.045 4
0.1105 0.2264  0.1702 0.2179 2.000 3
02732 0.2839 03646 03945 2000 4
13264 12652 1.2572 02848  3.175 2

E 0.7251 0.4674  0.5430 04285 3.175 5
14626  0.9198 0.7137 03120 4.000 2
0.7542 0.8023 07686  0.3600 4.000 5
0.6748 0.3665 02686 0.2300 5.045 3
2.3231 08763 0.8829 04230 5.045 4

Table 5

Comparison of results for S-type simulated aggregate asteroids, vary-
ing the value of the normal restitution coefficient. Columns 5 to 7 in-
dicate the boundary conditions under which the comparison is made.

en(S) Boundary conditions
0.3 0.5 0.8 fic Ro Shot
03300 0.3299  0.3311 0.2117 2.000
0.2249  0.1893 02488  0.3573 2.000
03380 0.3492 NR 02848  3.175
P 0.2501 02575 0.2607 04228 3175
03654 03367 NR 03083  4.000
03010 0.3046 03034 03600 4.000
03456  0.3269 03190 02300 5.045
03099 02679 NR 02300  5.045

114.9 18.24 278.5 0.2117 2.000
12.41 3.230 N.R. 0.3573 2.000

APLwunvpmOUuN A, WLOWWLWONOUN DD WAWONDON AW

7.106 9.841 5.045 0.2848  3.175
T(h) 3.626 4.546 4.330 04228 3175
3.951 95.89 N.R. 0.3083  4.000
5.533 4.522 13.31 0.3600  4.000
37.10 43.92 28.70 0.2300  5.045
7.526 30.76 N.R. 0.2300  5.045
0.2264  0.1370 0.1321 0.2117 2.000
0.2732 0.4738 N.R. 0.3573 2.000
1.2652 1.2633 1.5363 0.2848  3.175
E 0.4674  0.8416 0.8337 04228  3.175
0.9198 1.7691 N.R. 0.3083  4.000
0.6945 10384  0.1095 0.3600  4.000
03665 04096 0.0960 02300  5.045
0.8763 0.8747 N.R. 0.2300  5.045

7. Comparison with observable data

In this section we will try and compare the results of the nu-
merical simulations carried out in this research with current ob-
servables to assess the validity of the study itself.

Table 6

Same as Table 5 in the case of C-type simulated aggregate asteroids.
Columns 5 to 7 indicate the boundary conditions under which the
comparison is made.

en(C) Boundary conditions
0.3 0.5 0.8 fic Ro Shot
0.2451 02525 0.2105  0.4211 2000 5
P 03236 03398 0.3253 02865 3.175 2
0.2487  0.2537 02774 03793  3.175 4
0.4086  0.2822  0.2923  0.2183 4.000 3
9.330 8.548 7.646 0.4211 2000 5
T(h) 5.650 6.638 7.729 02865 3.175 2
20.48 9.104 10.06 03793  3.175 4
6.620 11.53 12.72 0.2183 4.000 3
0.3125 0.8866  0.3820  0.4211 2000 5
E 0.8174 0.4403 0.8172  0.2865  3.175 2
0.1906 0.8167 03814 03793 3.175 4
0.8866  0.1906 0.8867  0.2183 4000 3
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Fig. 11. Histogram of the normalized spin frequency of generated aggregates by nu-
merical simulations, for both S and C-type asteroids.

7.1. Gravitational aggregates spins

The overall distribution of spin periods discussed in the follow-
ing lines takes into account only those simulations for which the
angular momentum of the system is a random variable at the be-
ginning of simulations. That is, we explicitly exclude CASE B (in
Stage 2). It has to be said that the angular momentum distribution
resulting from the set up of our initial conditions is not a uniform
distribution, as can be seen in Fig. 7. This shall likely affect the
periods obtained for our GAs somewhat favoring long period out-
comes. The median value for such synthetic distribution is 10.6 h.
This value can be compared with the observational median value
by Donnison (2003) (8.5 h). The difference in the median may be
affected by the absence of fast rotators (T<3 h) in our sample
when angular momentum is random (no CASE B).

We obtain 21% (12 over 57 synthetic aggregates) slow rotators
(T>24h). The obtained ratio is in agreement with observational
measurements by Pravec et al. (2008) (21%: 56/268 asteroids in the
3-15km range).

The distribution of the simulation results for spin frequency
shown in Fig. 11 can be compared with the spin frequency dis-
tribution in Pravec et al. (2008). On one hand the distribution is
similar to the one shown by these authors, in particular in the
excess of slow rotators. The fact that objects with very long ro-
tation periods naturally appear in the process of re-accumulation
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could help in the search for the origin and explanation of what are
known as slow rotators. On the other hand our synthetic distribu-
tion shows a lack of fast rotators as compared to those authors.
It is hard to compare the distribution of fast rotators in our syn-
thetic sample with that from observables. In fact, YORP effect at
the size range of validity of our simulations is heavily affecting cur-
rently observed populations. YORP is more efficient as the distance
to the Sun decreases, which is the case of NEAs for which fast spin
periods have been measured. Considering an overall spin distribu-
tion, we may define fast rotators as those with a period smaller
than half the average value of the distribution, in this case we get
14% such objects, half the percentage that can be derived from
Pravec et al. (2008). On one hand, this discrepancy may be ex-
plained by the fact that after their formation as aggregates, aster-
oids undergo a variety of phenomena potentially increasing their
spin rate, such as collisions, and especially YORP effect. On the
other hand, YORP has been invoked to explain some of the slow
rotators as well, at least in the case of NEAs.

For the same reasons, minimum values for spin periods of
simulated aggregates do not match observed ones. The minimum
value for the rotation period of the simulated S-type bodies is
2.9 h, when including simulation runs with increased angular mo-
mentum, while observations give the well-known 2.2 h limit as a
minimum period (Pravec and Harris, 2000). In the case of simu-
lations for C-type objects, the minimum value is 3.5 h, while the
fastest carbonaceous asteroids have periods around 3.0 h. However,
matching the fast spin end of the asteroids distribution was not
the goal of this work, in order to do that, we should have tried
increasing values of initial angular momentum. A dedicated study
of the spin up evolution of aggregates and how that affects binary
systems and pairs production is planned to be the next step of our
investigation.

Further caution has to be made as comparisons are made with
observational populations whose members are likely mostly, but
not necessarily all, gravitational aggregates.

In conclusion, little can really be said about the consistency of
the comparison between our results for spin periods and measured
periods for real asteroids. We just would like to introduce the idea
that gravitational accumulation may play a role in the explanation
of the existence of slow rotators.

7.2. Gravitational aggregates porosity

Carry (2012) compiled a detailed list of density measurements
of all asteroid types and estimated values for their porosities. He
included a reference accuracy for the measured or estimated val-
ues provided in the list. We use this work as a baseline to check
the validity of our results and we complement those data with re-
cent accurate measurements of asteroid density and porosity. In or-
der to have a reliable sample with which to compare our results
for porosity, we only take into account asteroids in Carry’s list and
recent observations whose density estimation has at least a 20%
accuracy. Also, to avoid including monolithic asteroids in that sam-
ple, we take into account objects with estimates of porosity larger
than 10% and belonging only to S- and C-type asteroids.

With these conservative requirements we end up with a sam-
ple of 9 S-type and 25 C-type asteroids. The corresponding aver-
age values of porosity are 0.28 +0.14 and 0.42 4+ 0.18, respectively.
These data are quite dispersed around the mean values but may be
used as reference values to check our results.

In our numerical simulations, for all S- and C-type objects in
Stage 1 and Stage 2, we obtained a mean porosity of 0.33 +0.05 (S-
type) and 0.3140.06 (C-type). No significant difference was found
between these two classes. Recall that the only difference between
our synthetic S- and C-types is the density of components. There-
fore, it can be stated that according to our numerical simulations

a change in density within a reasonable range of values does not
significantly alter the average dynamical and collisional process of
reaccumulation of the components from any initial random distri-
bution that leads to the formation of a gravitational aggregate as-
teroid.

The mean porosity obtained from the numerical simulations in
the case of S-type asteroid aggregates is reasonably close to the es-
timated mean value from observational data, which is an encour-
aging test of the validity of our results. From that comparison, and
from the results obtained in Section 6.5, we may conclude that the
largest component of most of the S-type aggregate asteroids may
have a mass larger than 15 — 20% of the mass of the whole body.

The analysis of the results for the case of C-type asteroids is
especially interesting. In this case, even if numerical simulations
and observable estimates agree within error estimates, it is evi-
dent that there is large discrepancy between mean values (0.31 vs.
0.42). Comparing the two sets of means using a Student’s t-test,
the probability that the two C-type means represent the same dis-
tribution is 6.25 times smaller than in the case of the comparison
for the two S-type means. Therefore it is reasonable to say that
the simulated and observable C-type porosity distributions are sig-
nificantly different. However, if we focus on porosity values in our
simulation results for C-type corresponding to the estimated val-
ues for fic <0.15 or to the linear relationship found in Section 6.5,
it is easy to show that we get a porosity value of 0.40 +0.05, quite
in the range of estimated C-type asteroids porosity.

Based on these considerations we suggest that most of the C-
type reaccumulated asteroids may have an internal structure such
that their major component should be a fraction not larger than
15% of the total mass. This would be a significant difference in the
internal structure of C- with respect to S-type aggregates.

The reason of this difference in internal structure could be
the higher fragility of C-type (mostly carbonaceous) asteroids
in collisions compared to the S-type (mostly silicate) asteroids
(Scheeresm et al., 2015, e.g.). This can be expressed in terms of
their resistence to shattering (impact strength) or its related mag-
nitude: the threshold specific energy for fragmentation (Qg). It was
shown in catastrophic collision laboratory experiments carried out
in the last decades, that the threshold specific energy for fragmen-
tation in fragile materials is lower than that of stronger materi-
als. This implies that objects of equal mass but with different re-
sistence to collisions (for instance, S and C types) will suffer differ-
ent structural damage under the same impact kinetic energy Ej. As
noted in Section 3, fir depends on QZ/E, therefore, materials with
low Q¢—as in the case of C-type asteroids—will produce smaller fir
than in the case of high Q# values, and that will affect the value of
fic in the corresponding aggregate structure.

However, alternative explanations for the difference in observed
S- and C-type porosity cannot be ruled out:

I. Volumes of asteroids may be often overestimated in the case
of C-type asteroids. One (not the only) source of error is the deter-
mination of their geometric albedo (py) that affect size estimates.
C-types typically have values lower than S-type asteroids’ and are
difficult to determine. The estimated size is mostly derived from
albedo, D « /py; many low albedo values might be overestimated
so that objects whose volume is deduced by size determined with
this method could critically contribute to raise the average value of
the estimated porosities of C-type asteroids.

II. An interesting alternative explanation for high C-type poros-
ity values could be that the components of C-type aggregate aster-
oids are intrinsically more porous than their meteoritic analogues.
That is to say, the components that form these aggregates (tens
to hundreds of meters of size) may have more void space in their
interior in the form of cracks or other gaps at meter-size scales
than their meteorite analogues of a few cm (or tens of cm, as
in the unique case of the largest fragment of the Allende mete-
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orite). Those hypothetical structural voids would end up reducing
the overall body density and increasing porosity estimations to ob-
served values. Beyond the intrinsic fragility of carbonaceous chon-
drites, the mentioned possible structural porosity may also con-
tribute to help and explain the fact that, although the probability
of falling for meteorites corresponding to both (S and C) classes is
similar, the abundance of carbonaceous chondrites is an order of
magnitude lower than that of ordinary chondrites. This difference
in the survival against atmosphere crossing may come from the
very structure of C-type asteroids, which may be intrinsically more
porous than the samples recovered on Earth. Thus, macro-porosity
estimates of C-type asteroids, based on the measured porosity of
their meteoritic analogues, might be overestimated due to the ma-
terial intrisic structural diversity.

8. Conclusions

We have performed 144 total numerical simulations using pkd-
grav code to explore the self-gravity reaccumulation behaviour of
monolithic bodies randomly dispersed in limited space volumes
with mass frequency distributions extracted from laboratory col-
lisional experiments. 118 of those simulations resulted in gravita-
tional aggregates. The analysis of the results of such simulations
lead to the following conclusions.

e Our results do not show significant difference in average val-
ues of porosity, spin period and elongation, when changing the
density of components within the typical range of carbonacous
chondrites to ordinary chondrites meteorite analogues (2500 to
3500kg/m3). This implies that changes in density in this range
do not significantly alter the dynamical and collisional processes
that determine the reaccumulation of the components from given
boundary conditions. We also find scale independence of the re-
sults for the evolution of the reaccumulation of systems which dif-
fer in mass up to four orders of magnitude (about a factor of 20 in
size).

* No correlation was found for porosity, spin period and elonga-
tion as a function of angular momentum nor initial volume bound-
ary conditions of the components distribution. Also spin period
and elongation do not show any dependence on the largest compo-
nent mass ratio. This reflects the fact that the reaccumulation pro-
cess is very stochastic, for which the effects of random sequences
and outcomes of small-speed collisions between components over-
come most effects on the process due to boundary conditions.

o The average value of the calculated macroporosity of the fi-
nal aggregates of our numerical simulations matches the aver-
age porosity of S-type asteroids known with a precision better
than 20%. This implies that the internal structure of S-type as-
teroids is compatible with largest component mass ratios in the
0.15 < fic < 0.5 range.

e Porosities of C-type asteroids estimated at the same preci-
sion level as S-type asteroids are not matched by the average value
of the porosities calculated for our simulated aggregates in the
same range of largest fragment mass ratios as S-type asteroids. In-
stead, the match is very close when considering mass ratios be-
low 15%. We give three possible interpretations to this result: (1)
It may well be that C-type asteroids predominantly have smaller
largest component mass fractions with respect to S-type asteroids
as a consequence of their larger fragility in the face of the cor-
responding critical specific energy for fragmentation (Qg). (2) Vol-
umes may be systematically overestimated for C-type asteroids due
to overestimation of their albedo values. (3) It may be the case
that most carbonaceous chondrites (the meteorite analogues of C-
types) are not fully representative of their parent bodies. In fact,
the few samples available on Earth are tens of cm in size and
may have been embedded in large (tens of meters) more porous
coherent structures. Such structures would then have larger bulk

porosities than those remnant meteorites and they would be the
components of C-type gravitational aggregates. The difference be-
tween the ~30% porosity found by numerical simulations and the
~40% values measured for C-types would therefore be due to up
to ~10% higher intrinsic bulk porosity of the aggregate compo-
nents of such asteroids.

* We find an inverse linear trend relationship for porosity as a
function of mass fraction fic, for both S-type and C-type objects.
This circumstance may be used to infer information about asteroid
interior structure of asteroids with reliable spectral composition
and accurate bulk porosity estimations such as those visited by
space probes. In particular, inferred values of fic may be taken as
seeds to generate suitable mass-frequency distributions to match
the measured mass of a given aggregate asteroid.

o Simulations have been checked against different values of
the normal restitution coefficient for low-speed collisions between
components in the reaccumulation phase. Changes in this param-
eter do not affect the porosity values of the obtained aggregates.
However, it randomly influences their rotational periods and over-
all shape. This is particularly true for high values of the restitu-
tion coefficient and is related to the stochasticity introduced in the
small-speed collisions between components, which are responsible
for final aggregate configurations.
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