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In this work we extend the systematic investigation of impact outcomes of 100-km-diameter targets
started by Durda et al. (2007) and Benavidez et al. (2012) to targets of D =400 km using the same range
of impact conditions and two internal structures: monolithic and rubble-pile. We performed a new set
of simulations in the gravity regime for targets of 400 km in diameter using these same internal struc-
tures. This provides a large set of 600 simulations performed in a systematic way that permits a thorough
analysis of the impact outcomes and evaluation of the main features of the size frequency distribution
due mostly to self-gravity. In addition, we use the impact outcomes to attempt to constrain the impact
conditions of the asteroid belt where known asteroid families with a large expected parent body were
formed. We have found fairly good matches for the Eunomia and Hygiea families. In addition, we iden-
tified a potential acceptable match to the Vesta family from a monolithic parent body of 468 km. The
impact conditions of the best matches suggest that these families were formed in a dynamically excited
belt. The results also suggest that the parent body of the Eunomia family could be a monolithic body of
382 km diameter, while the one for Hygiea could have a rubble-pile internal structure of 416 km diameter.
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1. Introduction

Our understanding of the collisional evolution of populations of
small bodies in the Solar System is based on knowledge of details
of collisional physics, from the formation of impact craters to the
destruction of the entire bodies. The key parameter traditionally
used to study these impact outcomes is the specific impact en-
ergy, Q (kinetic energy of the projectile divided by the target mass).
Studies of such fragmentation processes have given rise to what is
commonly referred to as scaling laws. These consist of determin-
ing the critical specific energy (denoted by Q*p) required to dis-
perse a target into a spectrum of individual and possibly reaccu-
mulated objects, the largest one having half the mass of the orig-
inal target. Consequently, Q*p is a function of target size, where
two main regimes are identified: smaller bodies in the strength
regime, where self-gravity is not important for holding the ob-
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ject together; and larger bodies in the gravity regime, where frag-
ments can reaccumulate via the self-gravity of the components.
The strength-scaling regime for small objects is mostly examined
through laboratory impact experiments (e.g., Fujiwara et al., 1977,
Arakawa 1999; also see Leliwa-Kopystyski and Arakawa 2014 for
a review) while the impact outcomes of larger bodies are studied
using numerical simulations.

In this latter case, Benz and Asphaug (1999) used a smoothed-
particle hydrodynamics (SPH) method to simulate impacts into
rocky and icy bodies in a large range of sizes. They found that
gravity plays a dominant role in determining the outcome of col-
lisions even involving relatively small targets. For example, in the
size range considered in their work, from 3 ¢cm to 100 km in radii,
the enhanced role of gravity is not so much to prevent fracture
prevention by gravitational compression, but rather to impede the
escape of fragments due to their mutual gravitational attraction.
Jutzi et al. (2010) performed simulations in the same size range as
Benz and Asphaug (1999). Their results confirm that Q*p first de-
creases with target size in the strength regime (i.e., up to a few
hundred meters in diameter) and then increases with target size
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in the gravity regime (see Asphaug et al., 2002; 2015; Jutzi et al.,
2015 for reviews). In addition, they found that in the strength
regime a porous body requires more energy to be disrupted than
its non-porous counterpart while in the gravity regime the situa-
tion is reversed but the difference remains small.

The size spectrum of individual fragments produced in a catas-
trophic disruption is the so-called the size frequency distribution
(SFD), usually expressed by a power law of the form N(>D) oDY
(the cumulative representation). When this function is represented
in a log-log plot we obtain a line with a slope of g, ¢ <0 such that
there are more small bodies than big ones. The particular mor-
phologies of SFDs have been used to characterize the impact out-
comes of a range of targets. For example, in the case of a mono-
lithic non-porous parent body, higher impact energies lead to a
more continuous' fragment size distribution (Michel et al., 2003;
Michel et al., 2004; Durda et al., 2007). Furthermore, Michel et al.
(2003), considering pre-shattered non-porous targets with diame-
ters of about 25 km, found that the SFD tends to be more contin-
uous than those of monolithic non-porous targets (2). Durda et al.
(2004) also investigated the efficiency of satellite formation dur-
ing catastrophic disruptions. Subsequently, Durda et al. (2007) and
Benavidez et al. (2012) analyzed, in a systematic way, the mean
features resulting from impacts on both rubble-pile and mono-
lithic parent bodies with diameters of 100 km. They showed that
low-energy impacts into rubble-pile and monolithic targets pro-
duce different features in the resulting SFDs and that these are
potentially diagnostic of the initial conditions for the impact and
the internal structure of the parent bodies of asteroid families. In
contrast, super-catastrophic events (i.e., high-energy impacts with
large specific impact energy) result in SFDs that are similar to each
other.

Many authors have used the fragment SFDs produced by vari-
ous kinds of impact simulations to glean insights into parent body
sizes and disruption conditions for asteroids families (e.g., Tanga
et al,, 1999, Durda et al., 2007; Benavidez et al., 2012). In particular,
several authors have used the results of SPH codes to explore the
disruption of D> 100-km-diameter parent bodies. Basically, what
these studies do is to plot to the same scale the modeled SFD and
the observed family SFD in a single chart. Modeled impacts as-
sume a particular target size; therefore, the resulting largest rem-
nant and SFD of associated fragments may need to be offset in size
to the left or right to match the observed SFD. This offset sug-
gests a larger or smaller parent body for the observed family. How-
ever, in some cases, especially when the parent body is actually
quite different in size from the particular modeled target (usually
100-km-diameter), the methodology used to date could provide re-
sults that are not entirely accurate. Specifically, the SFDs of D >>
100-km-diameter targets could have significantly different features
compared to those for a D=100 km target, i.e., relative mass of the
largest fragment and/or the SFD slope of smaller fragments. This
is because the effects of gravity in the reaccumulation process of
such larger bodies do not simply scale linearly. It is worth men-
tioning that such an approach to match the SFD is the lowest-order
approximation; it is merely a first approximation for estimating the
parent body size for an observed family. Ideally, one would use this
technique to then run another matrix of simulations using a suite
of parent-body targets with diameters around that predicted from
the SFD ‘shift’ approximation, like the Karin family simulations of
Nesvorny et al. (2006).

The asteroid belt in general, and asteroid families in particu-
lar, provides an outstanding natural laboratory for exploring the
outcomes of collisional events in a wide range of sizes. These

1 This term is used by Michel et al. (2003) to mean that the SFD contains
intermediate-sized bodies.

populations allow us to study both the collisional formation pro-
cess of the Solar System and its subsequent evolution over time.
However some numerical models of the collisional evolution of
main-belt asteroids, which use as input the impact outcomes men-
tioned in the previous paragraph, can have difficulty reproduc-
ing the observed SFDs of asteroid families. For example, Cibulkova
et al. (2014) propose a new six-part collisional model of the as-
teroid belt. Relying on the collisional origin of asteroids families,
this study assessed whether the number of synthetic asteroid fam-
ilies created during the simulation agrees with the number of ob-
served families. Then, they considered to two models: monolithic
and rubble-pile asteroids, concluding that monolithic asteroids are
in best agreement with the observations compared to the rubble-
pile counterpart. However they do not discard the possibility that
some part of the asteroid population could be consistent with
rubble-pile structures. There are many possible reasons for this -
family members lost to resonances, collisional evolution, interlop-
ers in the family, and so on. Here we focus on one particular is-
sue, namely whether the fragment SFDs made by the disruption of
D =100-km-diameter parent bodies are a good match to the frag-
ment SFDs made when larger worlds break up (D=400km). On
the other hand, another issue where SPH/N-body impact outcome
became useful is constraining the amount of mass hidden below
our current detection limits (Bottke et al., 2005). In order to do this
it is necessary to compare the observed families to the scaled im-
pact outcomes, following the procedure explained in the previous
paragraph. These examples highlight the need to extend SPH sim-
ulations to larger targets, in order to test the known scaling laws
for larger targets and characterize the resulting SFDs for different
impact conditions.

While the existence of monolithic large bodies (about
D=400km) is broadly accepted, the existence of rubble-pile
bodies of such size is controversial. However, we allow the pos-
sibility in the present study. On the other hand, Durham et al.
(2005) considered ice bodies and found that ~1000 km ice bodies
(if cold) can have some residual porosity at pressures of 100 MPa,
typical of asteroid cores. Theory and observation indicate that
everything bigger than a few 100km in diameter would have
melted if formed in the inner solar system in the first few Ma,
so a 400-km-diameter rubble-pile would have to be a second-
generation object, or else something that accreted after a few
Ma (e.g., far from the Sun). The study by Campo Bagatin et al.
(2001) on the abundance of rubble-piles in the main belt found
that -under specific conditions- the presence of rubble-piles up to
500 km diameter cannot be ruled out.

Based on the evidence mentioned in the preceding paragraphs,
we have decided to extend the systematic investigation of im-
pact outcomes started by Durda et al. (2007) and Benavidez et al.
(2012) to 400-km-diameter targets using the same range of impact
conditions and two internal structures: monolithic and rubble-pile.
In Section 2 we briefly recall the numerical method used to per-
form the simulations. In Section 3 the results of the compari-
son between our systematic numerical investigations of rubble-pile
versus monolithic targets are presented. In Section 4 a comparison
between results from our numerical models and observed asteroid
families is discussed. Finally, in Section 5, we present our conclu-
sions.

2. Method

In this work we performed a series of simulations with the
same numerical technique used in our previous impact simulation
studies (Durda et al.,, 2004; Benavidez et al., 2012), which is es-
sentially the same numerical scheme introduced by Michel et al.
(2001, 2002) to study the formation of asteroid families. As this
technique is widely accepted and fully described in the mentioned
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articles we just summarize here only the main features and refer
the reader to Durda et al. (2004) and Benavidez et al. (2012) for
further details.

The technique includes both a Smoothed-Particle Hydrodynamic
(SPH) code, which models the pressures, temperatures, and en-
ergies of asteroid-asteroid impacts, and an efficient N-body code,
which computes the dynamics under the mutual gravitational in-
teractions of hundreds of thousands of individual collision frag-
ments in an expedient manner.

Initially, the 3D SPH code (Benz and Asphaug 1994, 1995) is
used to model the actual impact. This deals with the collision
phase of any catastrophic impact between two asteroids. Gravita-
tional self-compression of the target during the impact phase is
treated as an overburden stress that must be exceeded before frac-
ture can initiate (Asphaug and Melosh, 1993). A Tillotson equation
of state model (Tillotson, 1962) for basalt is used to relate the pres-
sure to density and internal energy. This model provides excellent
results when compared with ejecta velocities derived from labora-
tory impact experiments.

When the impact phase of the simulations is sufficiently com-
plete (crater formation/ejecta flow fields established with no fur-
ther fragmentation/damage), the outcome of the SPH model is
handed off as the initial conditions for the N-body simulation
phase. To track the trajectories of collision fragments we use the
cosmological N-body code pkdgrav (Stadel, 2001), modified as
described in Richardson et al. (2000) (see also Leinhardt et al.,
2000; Leinhardt and Richardson, 2002). The tree component of the
code provides a convenient means of consolidating forces exerted
by distant particles, reducing the computational cost. The parallel
component divides the work evenly among available processors,
adjusting the load at each time-step according to the amount of
work done in the previous force calculation. The N-body simula-
tions are run, with time steps equal to 107> in units of year/2m
(e.g., ~50s), to a time of about 17.5 days (i.e., 30,000 time steps)
after the impact. Our choice of 17.5 days of N-body simulation time
after impact was set by a combination of available CPU resources
and because the number of satellites and satellite systems that one
would expect to see due to formation and dissolution of transient
binaries should not change significantly after that time for the im-
pact conditions that we are modeling. That time is on the order
of the dynamical time for an object dispersed to its Hill sphere at
typical asteroid distances, which should be a rough upper limit for
most of the evolution to reach equilibrium in this scenario.

2.1. Target internal structures and impact conditions

For the present study, impact outcomes of 100-km- and 400-
km-diameter targets made of different internal structures (mono-
lithic and rubble-pile) are compared. Since previous studies used
100-km-diameter targets, for the current study we only performed
new simulations with 400-km-diameter targets. Specifically, we
simulated impacts between a monolithic impactor and both mono-
lithic and rubble-pile targets of D =400 km. For the present work
we do not consider targets with other sizes. The following de-
scribes how each target is built and the impact condition consid-
ered.

We construct rubble-pile targets? (see Asphaug et al., 2002) by
filling the interior of a spherical shell (the target envelope, with
D=400km) with solid basalt spheres having a distribution of di-
ameters between 30 km and 80 km. We then decrease the density
and strength of SPH particles in the contact zones between the
solid components from 2.7 to 1.3 g/cm? as a way to represent the

2 The number of particles in the target is constrained by computational resources.
In a future study it would be needed to assess the detailed effect of resolution.

damage inside the target. The remainder of the target body is void
space, setting the bulk density of the target equal to 1.835g/cm3
(corresponding to a target mass of 6.15 x 109 kg). Resolution is of
concern, and to ensure physical modeling we require at least 5 SPH
particles across the smallest rubble-pile spheres of the target, to
capture the shock wave. This results in the lower boundary for the
diameter of the basalt spheres stated above (30km). In contrast,
the monolithic target is assumed to be spherical and is composed
of solid basalt with a density of 2.7 g/cm3 (corresponding to a tar-
get mass of 9.05x 10 kg). For a comprehensive analysis of the
impact outcomes we also used our previous simulations for tar-
gets of 100 km diameter which are made in a similar way than the
ones described above, yielding a target mass of 1.414 x 1018 kg and
9.60 x 10'7 kg for monolithic and rubble-pile internal structures re-
spectively. The resolution of both monolithic and rubble-pile tar-
gets is the same, 100,000 particles packed into an initial 100-km
or 400-km-diameter sphere. Comparable particle diameters (with
fewer particles) were used for the impactor.

Here we used the same matrix of impact conditions explored
in Benavidez et al. (2012) and Durda et al. (2004). Thus, we have
a large set of impact simulations for two different sizes (D =100
and D=400km) and different internal structures. These simula-
tions comprise a homogenous set of 600 simulations covering a
wide range of impact speeds (from 3 to 7 km/s), impact angles
(from 15° to 75° with 15° increments) and impactor diameters. The
average speed of the velocity distribution of the asteroid popula-
tion is about 5kmy/s, with a significant tail toward higher speeds
(Dell’ Oro and Paolicchi, 1998). However in the present study, we
have focused on the range of 3 to 7 km/s to maintain uniformity
with simulated conditions in previous studies. Taking into account
that target mass changes for different target sizes, we chose the
logarithm of the target-to-impactor mass ratio as an indicator of
the impactor size. This ratio behaves as a standard parameter to
compare simulations with the same specific impact energy. There-
fore, the impactor diameters correspond to 3.0, 2.6, 2.2, 1.8 1.4 and
1.0 in terms of the logarithm target-to-impactor mass ratio, which
correspond to an impactor size between ~10 to ~46 km for a 100-
km-diameter target and to a size range between ~40 and ~186 km
for 400-km-diameter target.

3. Results

In this section we present the results obtained for our full set
of simulations. The outcomes of the impact simulations range from
cratering events to super-catastrophic disruption events. In the fol-
lowing, we analyze the impact outcomes in terms of the specific
impact energy, the critical specific impact energy and its relation-
ship with the impact angle, and the resulting modeled SFDs.

3.1. Specific impact energy

Fig. 1 shows the largest remnant mass ratio (M;s/Mr) versus
specific impact energy for our SPH/N-body simulations considering
rubble-piles and monolithic targets of D=100 km and D =400 km.
In each plot the dashed line indicates the limit of a catastrophic
disruption (M /M7= 0.5). All the results above the line correspond
to cratering events while those below the line are catastrophic im-
pacts. As expected, the larger the impactor the more catastrophic
the event is, due to impact energy increase. Fig. 1 also shows that
for analogous impact conditions, the relative mass of the largest
fragment is greater in the case of a D=400-km target compared
to D=100-km target, for most cases. This is true for both types
of internal structures studied, indicating that self-gravity is more
important for large targets. This trend is not surprising, but as we
show in Section 3.4, it determines certain features in the SFD pro-
duced in a given impact.
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Fig. 1. Largest remnant mass ratio versus specific impact energy for our SPH/N-body simulations for rubble-pile and monolithic targets with diameters of 100 and 400 km,
as indicated by legend above each box. Dot sizes are coded according to impactor diameter, where smaller dots represent smaller impactors. The dashed line indicates the
catastrophic disruption (M;s/Mr =0.5) threshold. The colors indicate impact angle (see legend in top-right box).

Concerning rubble-pile impact outcomes, significant differences
from those for solid, monolithic targets can be seen in Fig. 1 (left
column). At low specific impact energy, rubble-pile targets of
D=100km are most vulnerable to catastrophic collisions even at
quite oblique impact angles.? In contrast, impacts onto targets of
D=400km at the same specific impact energy result in M;g/Mr
> 0.5 indicating cratering events with most of the fragmented ma-
terial either reaccumulated or retained during the collision. There-
fore in impacts onto D=100km targets with the same impact
conditions, gravity is less important in a relative sense, leaving a
more disruptive outcome. At higher specific impact energies (over
10° J/kg) most impact events onto D =400 km targets with impact
angles smaller than 60° produce catastrophic disruption.

3.2. Critical specific impact energy

In this section we compare the Jutzi et al. (2010) scaling law
with our results (where possible). Usually the scaling parameter is
defined in terms of the critical specific impact energy (Q*p), which
results in the escape of half of the target’s mass. Normally it is

3 This particular set of simulations (rubble-pile target of 100 km) was previously
analyzed in Benavidez et al. (2012). So here we refer to them only in the context of
the whole set of simulations.

assumed to follow a power law of the form:
. RT a RT b

%= (1) +80(7em) -

where Ry is the radius of the target, o its density in g/cm3 and Qy,

B, a, and b are constants to be determined.

Jutzi et al. performed simulations of porous (o= 13 g/cm3) and
non-porous (o=2.7 g/cm3) targets impacted at 3 and 5km/s and
impact angle 45° with different projectile sizes. From these simula-
tions they fit a scaling law to their data. In an attempt to compare
our results with this previous study we selected the comparable
cases from our simulations and calculated Q*p for them. Among
our set of simulations the only comparable cases are the mono-
lithic ones, given that the structure of the targets is similar and
the assumed density is the same.

We are thus limited to monolithic cases with impact speed of
5km/s and impact angle of 45°. Note that as we did not determine
Q*p precisely we considered a narrow range close to M;g/Mr=0.5
between 0.43 and 0.63 as the best approach to estimate it. For
those cases with impact speed of 3 km/s, we did not get results
that satisfy this condition for the D =400 km target. Unfortunately,
our rubble-pile runs are not directly comparable to the Jutzi et al.
porous runs because of the different densities and particularly be-
cause of the manner in which we handle target porosity.

Fig. 2 represents the fit of the scaling law estimated by
Jutzi et al. and our two comparable cases (monolithic targets of
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D=100km and D=400km with impact events at 5km/s at 45°).
We find our D=100km case lies on the scaling law, while the
D=400km case is slightly above the line (note the linear scale).
This small difference could either be a statistical effect or an actual
trend to a steeper slope for larger targets. More simulations are
needed to confirm this, and would deserve further deeper studies.

3.3. Critical specific impact energy vs. impact angle

Fig. 3 shows the critical specific impact energy as a function
of impact angle at an impact speed of 5kmy/s, for rubble-pile and

monolithic targets with D=100 and D=400 km. We do not have
Q*p for all 20 cases because we did not choose impact conditions
to bracket Q*p specifically. However, the 13 cases for which we
could calculate Q*p allow us to observe that as the impact an-
gle becomes more oblique, the critical specific energy required for
disruption increases. As Leinhardt and Stewart, (2012) pointed out
this issue is due to the impact parameter (b=(Rr+rp) sin 8, 6 be-
ing the impact angle while Ry and rp, are the target and projectile
radii) increasing with the impact angle. Jutzi et al. (2010) and Benz
and Asphaug (1999) also mentioned this trend but did not quantify
its behavior. Pierazzo and Melosh (2000) observed different kinds
of dependences for the shock pressure, temperature and energy of
the target and projectile with sinf. Their results indicate that only
the vertical component of the impact velocity plays a role in an
impact.

From our results presented in Fig. 3 it is evident that there is a
relation between Q*p and the impact angle. However the Q*p val-
ues for impact angles from 15° to 60° are fairly similar but those
for 75° differ by more than an order of magnitude from those for
smaller angles. This only happens for the D=100km rubble pile,
because this is the only target for which we have Q*p for 75°. For
other targets we should run some extra cases with a larger projec-
tile. It is therefore difficult to discern whether these are two linear
relationships intersecting somewhere between 60° and 75° or an
exponential relationship. We fit an exponential function (Q*p= a
eb®), where a and b are constants to be determined. The best fit
for monolithic and rubble-pile targets of D =100 km is represented
in logarithmic scale for Q*p in the figure. We did not try to fit the
D =400 km target because too few points (only two) are available.
The fit for the monolithic target gives a=8221 and b=0.078 with
a correlation coefficient of 0.969, while for the rubble-pile a =876,
b=0.067 with a correlation coefficient of 0.705. The high Q*p value
for the oblique impact angle of 75° mentioned above is the reason
why the fit gets worse. Further studies including impacts between
60° and 75° could help to determine a more robust dependence.

3.4. Cumulative size frequency distributions

In this section we analyze the cumulative SFDs resulting from
our impact simulations. Henceforth, when referring to the SFD we
will be describing the cumulative size-frequency distribution (as
opposed to the differential size-frequency distribution). First we
describe the main features of the SFDs in a more qualitative man-
ner and then we parameterize and quantify the SFDs in more de-
tail.

3.4.1. Qualitative analysis

Fig. 4 shows the main features of the SFD morphologies, which
we will use for reference. The overall features of the SFDs observed
are reviewed in this section, but the SFDs for different impact an-
gles are shown in Appendix A.

A common feature of the resulting SFDs for 400-km targets is
that their morphology appears rather similar to a “hockey stick”
(see Fig. 4a), which is typical for a cratering event, but also mod-
erate fragmentation, when limited mass is lost from the primary.
Super-catastrophic impacts at 6 and 7 km/s and impact angle < 45°
are the exception, where the SFD changes from a single power law
at impact angle of 15° to a “convex” curve for 45° (see Fig. 4b). By
“hockey stick” morphology we mean that it is possible to distin-
guish two parts in the modeled SFDs: at larger fragment sizes the
‘blade’, which is related to the size ratio between the two largest
fragments (D;/D,, with D; equal to the largest fragment (or rem-
nant) diameter and D,, the second largest), and for smaller frag-
ment sizes the ‘shaft’, which is well fitted by a single power law.
The contrast between the length of the ‘blade’ and the slope of the
‘shaft’ in the SFDs for targets of D=100km compared to ones of
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largest projectile simulated (~186 km).

D=400 km makes it very difficult to match both features for the
same impact conditions.

3.4.2. Quantitative analysis

Fig. 5 shows the SFD slope as a function of the impact en-
ergy (Q). Two types of symbols were used to distinguish be-
tween cratering (filled circles) and catastrophic impacts (open
circles). Although some points overlap, a slight trend is ob-
served for D =400 km targets (monolithic and rubble-pile) and the
D=100km monolithic target. There is a tendency to shallower
slope for increasing impact energy in the cratering regime. How-
ever, when the critical fragmentation energy is reached, the slope
of the SFDs becomes steeper as the impact energy increases. On
the other hand, the SFD slope of smaller fragments for D= 100 km
rubble-pile targets impacted at < 45° start shallow (in the range of
-4 to -2) for low impact energies, and turn steeper as the impact
energy increases, due to in this case most impact conditions result-
ing in breakup of the target. However the cases for more oblique
angles remain with a shallower slope.

Figs. 6 and 7 show the mass ratio of the second-largest frag-
ment (denoted by M,/My) as a function of the impact energy. In
these figures it is easier to see the transition from the cratering to
the catastrophic regime mentioned above. It is also interesting to
note that M,/Mr follows a strong linear trend (in a log-log plot)
with specific impact energy. It has a positive slope in the cratering
regime and turns to negative slope for fragmentation events, with
decreasing M, as the impact energy increases. It is worth men-
tioning that this trend is followed by both monolithic and rubble-
pile targets of D=100km and 400 km for each impact angle. Al-
though for more oblique impact angles cratering events dominate
the trend and there is more dispersion in the results, especially for
larger projectiles.

3.5. Ruling out/constraining the shift factor

The approach normally applied for comparing the SFDs allows
us to achieve two goals: to estimate the impact conditions that
most closely match the observed family SFD (morphologically), and
to calculate the size of its parent body. This approach consists of
plotting together at the same scale both the modeled and the ac-

tual family’s SFDs. Since it is easy to estimate the shift factor,* the
modeled distribution needs to be offset in size to match the ob-
served SFD. The magnitude of this offset in logarithmic units yields
the factor needed to increase or decrease the diameter of the ac-
tual family parent body from the 100-km-diameter parent body of
the modeled family (Durda et al., 2007 and Benavidez et al., 2012).

The described method should be applied with some caution
due to the fact, as we warned in the introduction and as dis-
cussed in Durda et al. (2007) and Benavidez et al. (2012), that this
strategy assumes that impact outcomes scale linearly with the tar-
get size. As we discussed in Section 3.4 the modeled SFD under-
goes significant changes when we move from a D=100km to a
D=400km target that are not easily matched by a single offset
of the scaled SFD. We also performed some extra simulations for
350 and 450 km rubble-pile targets because we are focused on the
range of large bodies where self-gravity is important. To verify the
validity of this approach, we performed the following test. Assum-
ing that the outcome for a 350 km target corresponds to a given
‘true family’ we compared its SFD to the modeled ones for 400 and
450 km targets and estimated the magnitude of the shift factor, the
estimated parent body diameter and its relative error.

We selected four cases covering a range from low to high im-
pact energy for rubble-pile targets. Table 1 lists the selected cases,
impact conditions, largest remnant mass ratios, size ratios of the
largest- and second-largest fragments, estimated slope and largest
fragment diameter. Furthermore, the estimated shift factor and ex-
pected parent body diameter corresponding to the match to the
SFDs’ shape for 400 and 450 km targets are listed with the rela-
tive error for the latter. We observe that when impact energy is
low or moderate (e.g., first three cases), the error in estimating the
parent body diameter increases to about 5% (less than 20 km in
size) when we try to fit the impact outcome of a 350 km target
with a 450 km target. Conversely, for high impact energy, which
produces super-catastrophic impacts, the error increases to almost
17%, which is about 60 km in size.

4 The shift factor is estimated as the ratio between the diameter of the largest
member of a family and the diameter of the largest fragment from a given simula-
tion that best matches the SFD.
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Table 1

Input parameters and results from some extra runs.
Dr (km) “(¥m)  Impact angle(®) Log(nﬁ\f’"’w) Q(kig) (M” ) (g—;) Slope Dy (km)  2Shift factor ~ °Dy, (km)  E (%)
350 4 30 2.2 5.02 x 10* 0.69 4.98 —3.59 309
400 4 30 2.2 5.02 x 10* 0.74 4.16 -3.20 362 0.85 341 2.5
450 4 30 2.2 5.02 x10* 081 724 -3.50 420 0.74 331 54
350 6 15 2.6 4.51 x 10* 0.65 4.10 -3.29 304
400 6 15 2.6 4.51 x 10* 0.71 5.17 —3.50 356 0.85 342 23
450 6 15 2.6 4.51 x 10* 0.75 542 —-3.64 408 0.75 338 34
350 5 45 18 1.95 x 10° 0.65 4.15 -3.19 304
400 5 45 18 1.95 x 10° 0.66 4.27 —-2.97 347 0.88 350 0.12
450 5 45 18 1.95 x 10° 0.76 6.29 -3.79 410 0.74 334 4.6
350 7 45 1.0 2.23 x 10° 0.02 113 -3.83 86
400 7 45 1.0 2.23 x 108 0.03 1.26 —3.76 118 0.73 292 16.6
450 7 45 1.0 2.23 x 106 0.02 1.02 —-2.99 126 0.68 306 12.6

2 Shift Factor to 400 km=D(for Dr =350 km)/D;(for Dr =400 km)
b Estimated parent body diameter, D, (from a 400 km target)= shift factor x 400
¢ Relative error, E;= |350-Dp,| x 100/350

4. Modeled families’ SFDs revisited

In this section we revisit the investigation of asteroid family for-
mation by impact events started by Durda et al. (2007) and ex-
tended by Benavidez et al. (2012). Specifically, we determine if any
asteroid family matches the features seen in the modeled SFDs.
Taking into account that the shift factor should be constrained,
we limited this investigation to families with large expected par-
ent bodies. The procedure applied to determine families is detailed
in Nesvorny et al. (2005). Some of the families analyzed are sus-

pected to have interlopers among their larger members, which can
affect the shape of the observed family SFDs. When possible, such
interlopers have been removed from the SFD before comparison
with the modeled SFDs (see Table 1 in Durda et al. (2007) for more
detail about interlopers).

As a starting point, we select asteroid families with an alter-
native estimation of the parent body size with respect to pre-
vious estimations of its size by methods other than SPH/N-body
simulations, following the approaches described by Tanga et al.
(1999) and Campo Bagatin and Petit (2001). The former introduces
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Table 2
Investigated families with large parent body.
Family Tanga et al. (1999)  Campo Bagatin and Petit (2001)  Spoto et al. (2015)
Dyy (km) (M) Dpp(km)  (j£) Age (Myr)
IN side OUT side
Hygiea 481 0.61 513 0.5 13304300  1368+329
Vesta 468 0.95 468 0.99 930+217 1906 + 659
Themis 369 0.31 460 0.2 2447+836  3782+958
Eunomia 284 0.73 - - 1955+421  1144+236
Table 3 4.1. Eunomia family
Impact conditions that best match the observed families.
Family Impact condition®  (}£)  Shift factor Dy (km)  x? The Eunomia family is the largest family in the central main
Funomia M 6-45-10 03 0.95 382 35 belt, with 2772 members ar}d a largest fragment dlame’rter‘ Qf
Hygiea R 7-60-2.6 0.94 1.04 416 7 255 km. Spectroscopic analysis of the family from Mothé-Diniz
Vesta M 6-75-1.8 0.99 117 468 1 et al. (2005) combined with previous data suggest some surface
Themis  Not good fit inhomogeneities or the action of space weathering. Mothé-Diniz

2 The first letter(s) indicates the internal structure of the target (R for
rubble-pile and M for monolithic); the numbers indicate impact speed-impact
angle-log(My/my).

an approach for modeling the SFD from catastrophic impacts based
on very simple geometric considerations. This approach assumes
that fragments have convex shapes and takes into account only
geometric constraints imposed by the finite volume of the parent
body and the fact that fragments should not overlap with each
other. An improvement to this model was presented by Campo
Bagatin and Petit (2001). The main feature of the new approach
is that they simulated the largest remnant and how fragments
are formed in a more realistic way, considering the possibility of
changing the shape of the largest remnant and the mass ratio be-
tween the largest fragment and target body. Then, from the sub-
set of families selected by these authors we chose the families
with large expected parent bodies (of order D=400km) to com-
pare with our new set of simulations. This procedure ensures the
shift is appropriately small, so we have higher confidence when
matching the SFDs.

Table 2 lists the chosen families, the parent body diameter
(Dpp), the largest fragment mass ratio estimated by the two ap-
proaches and the age estimated recently by Spoto et al. (2015).
They used a least square fit to the V-shape in the (proper a-1/D)
plane that asteroid leave after a breakup. Then, they have two age
estimations, one for the low proper a (denoted as IN side) and the
other for the high proper a (denoted by OUT side). We investigated
four asteroid families: Hygiea, Vesta, Themis and Eunomia. To mea-
sure a match between our simulation and the observed families
we calculate the chi-square (x2) to find the best matches for both
monolithic and rubble-pile targets. In order to calculate x2, only
fragments larger than D> 17 km were considered. It was done to
avoid including the part of the resulting SFD where the stair effect
become apparent because the code resolution limit is close. In the
following, we present the results for each asteroid family.

Figs. 8 and 9 show the best matches, it is said those with lower
x2. We did not find a statistically significant global minimum, so
we consider x2 values for these runs to be statistically equivalent.
Then, we plotted those cases with x2up to twice the minimum
x?% value. The results of the present study are listed in Table 3,
namely the impact conditions the best match the family SFD, the
largest fragment mass ratio corresponding to such impact condi-
tions, the shift factor, the estimated parent body diameter and the
estimated x 2 value. Since x2 value is statistically equivalent for the
cases shown in these figures, we selected from among of them
those that best match visually the family SFD, mainly at the end
of larger fragments, to be included in Table 3.

et al. also propose that the presence of T- and X-class asteroids,
classes compatible with iron meteorites, suggests the possibility
that the formation of the Eunomia family may have been the result
of the catastrophic breakup of a differentiated body. However, they
also claim that they cannot rule out if these objects are interlopers.

Fig. 8 (upper panels) shows the best matches to the Eunomia
family for D =400 km monolithic and rubble-pile targets. We iden-
tified three different impact conditions with a monolithic target
that produce SFDs quite similar to the one observed for this family
(Fig. 8a). The best match (case M 6-45-1.0) is an impact at 6 km/s
with a projectile of ~186-km-diameter and an impact angle of 45°.
This is an event with high impact energy that produces a super-
catastrophic disruption with a largest fragment mass ratio of 0.3.
The parent body diameter estimated from these impact conditions
is 382 km, which is about 100 km larger than predicted by the ge-
ometric approach of Tanga et al. (1999).

For completeness, Fig. 8b shows the “best” rubble-pile matches.
The minimum values of x2shed cases with the second largest
fragment fairly larger than the observed in Eunomia. It is also in-
teresting that —allowing a x2=4.5 x2mpin— at least four different
impact conditions match the observed SFD for fragments larger
than ~25km (dotted lines in Fig. 8b). However, all impacts into
rubble-pile target produce a shallower slope for fragments smaller
than ~25km. Since Eunomia is a rather old asteroid family, ex-
pected to have undergone significant collisional erosion especially
among the smaller members of the family, would be difficult to
start off with a SFD that is already deficient in numbers of smaller
objects than is presently observed in the family.

4.2. Hygiea family

This family, with one of the largest and most massive bodies
in the outer belt, has about 781 members. Carruba (2013) carried
out a complete study of the orbital region of the Hygiea family in
order to obtain good estimates of the family membership, asteroid
halo extensions, cumulative SFD, etc. He claims that an interesting
and unresolved problem is to explain how (10) Hygiea itself has
an inclination slightly smaller than that of the rest of the family.
Subsequently, they propose the Hygiea family was most probably
formed by a cratering event and, depending of the geometry of the
impact, the fragments were ejected into orbits with slightly higher
angular momentum.

Fig. 8 (bottom panels) shows the best matches to the Hygiea
family for D =400 km monolithic and rubble-pile targets. We iden-
tified three impact events from a rubble-pile target that produce
SFDs quite similar to the one observed for the Hygiea family (Fig.
8d). The best match corresponds to a projectile of D=54.4 km im-
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pacting at a speed of 7 km/s and a 60° impact angle. The next two
best matches have a little less impact energy (corresponding to the
cases R 3-30-2.6 and R 5-15-3.0), both leave a second largest frag-
ment slightly smaller than the observed one. The three impacts
produce cratering events where the largest fragment, (10) Hygiea,
would retain 94% of the parent body. Then, the estimated par-
ent body diameter is ~416 km, slightly smaller than that estimated
through geometrical models. The fact that our best-matching SFD
corresponds to a cratering event and not to a significant disruptive
event could support the hypothesis of Carruba (2013) to explain
the inclination of (10) Hygiea.

For completeness, Fig. 8c shows the “best” monolithic matches.
All of these modeled SFDs share the same feature: they match
quite well the observed SFD for smaller fragments (D <20km),
however, none of them match the range from intermediate size
(from ~20 km) to the second-largest fragment.

4.3. Vesta family

This is a cratering family located in the inner asteroid belt. Pre-
vious age estimation from Broz et al. (2013) gives 1000 & 250 Myr
in agreement with Spoto et al. (2015). It is widely accepted that
4 Vesta has a differentiated structure, recently confirmed by the
spectroscopic measurements of the Dawn mission (De Sanctis et al.
2012).

Fig. 9 (upper panels) shows the best matches to the Vesta fam-
ily for D=400 km monolithic and rubble-pile targets. We propose
five different impact conditions from a monolithic target (Fig. 9a).
It is worth noting that the case M 6-75-1.8 leaves the second larger
fragment quite similar to the observed one, being much smaller in
other cases. This last objection can also be applied to rubble-pile
targets, which best matches are shown in Fig. 9b.
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4.4. Themis family

This is a large family with more than 5000 members (Nesvorny,
2012) located in the outer asteroid belt. Previous age estimation
from Broz et al. (2013) gives ~2.5+1.0Gyr in agreement with
Spoto et al. (2015). The Themis family is very intriguing due to the
diverse information that we know about its members. As Marsset
et al. (2016) sum up, a) some members classified as main-belt
comets have been identified in this family; b) water has been de-
tected on the surface of (24) Themis; and c) at least two binary
systems have been observed in this family: (90) Antiope and (379)
Huenna, both with quite low primary densities < 1.3 g/cm3. It is
also worth mentioning that a young ( <10 Myr) subfamily (656)
Beagle has been identified in the Themis family (Nesvorny et al.,
2008).

Fig. 9 (bottom panels) shows the best matches to the Themis
family for D =400 km monolithic and rubble-pile targets. For both
types of target we found some potential cases that match fairly
well the slope of the SFD for fragments with D <60 km. However,

this family has a bump in the SFD around 60 to 110 km that is not
well reproduced by any simulation performed in this work.

5. Discussion and conclusions

In this paper we have analyzed, in a systematic way, the broad
features resulting from impacts onto both rubble-pile and mono-
lithic parent bodies of D=100km and D=400km. We have also
used the impact outcomes to attempt to constrain the impact con-
ditions at the origin of known asteroid families with a large ex-
pected parent body.

From the present study the following conclusions may be ob-
tained:

o The relative mass of the largest remnant is larger in the case
of D=400 km targets compared to D=100 km targets. We have
also observed a slight tendency to larger ratios D;/D, in the
case of 400 km targets, which corresponds to the “hockey stick”
SFD morphology, common in cratering events. However the fea-
tures in the SFD are not easily scalable from a 100 km tar-
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get to a 400 km one. The only exceptions are the most super-
catastrophic impacts into rubble-pile targets at impact angles <
45°, which give a rather convex shape to the SFD (in the sense
of Durda et al.,, 2007).

The SFD slope shows a dependence on the impact specific en-
ergy. The slope tends to become shallower for increasing im-
pact energy in the cratering regime. No significant speed de-
pendence is observed, but from the projectile size alone it
seems there may be some sort of strain-rate-dependent ef-
fect. An interpretation for this could be that smaller projec-
tiles produce a sharp stress pulse on the target and activate
small flaws, making small fragments. Conversely, when the im-
pact reaches the critical fragmentation energy, the SFD slope
becomes steeper as the impact energy increases.

A dependence of M,/My on the specific impact energy was also
observed. It has a positive slope in the cratering regime and
turns to negative slope for fragmentation events, so M, de-
creases as the impact energy increases.

We have analyzed the main features seen in the cumulative SFD
and on this basis we can say that the main conclusion from
Benavidez et al. (2012) is still valid for 400 km targets. Namely,
low-energy impacts into rubble-pile and monolithic targets pro-
duce such different features in the resulting SDF that they could
be suitable for diagnosing the impact conditions and the inter-
nal structure of the parent body of the family.

Building on our SFD comparison of D =100 and D =400 km
targets, the effects of gravitational reaccumulation among frag-
ments from small or large parent bodies do not produce di-
rectly scalable results. Hence, we uphold the caveat mentioned
in previous studies (Durda et al., 2007 and Benavidez et al.,
2012) that one might expect that the results of actual simu-
lations involving significantly larger or smaller parent bodies
might vary from the scaled results presented here because of
enhanced or decreased gravitational effects among the debris
in larger- or smaller-scale impacts. However, thanks to the ex-
tra simulation performed with 350 and 450 km diameter, we
tested that it should be safe to use the shift method when
the simulated and the real parent body are not more differ-
ent in diameter than about 100 km. Under this circumstance,
we observed that the uncertainties are lower (<5.5%) for low
and moderate impact energy. Whereas for high impact (super-
catastrophic) events the uncertainties could increase up to ~
17%.

We attempted to find the best match between the modeled and
observed SFDs for the following asteroid families: Hygiea, Eu-
nomia, Vesta and Themis. For the Hygiea family, a good match
was found that corresponds to a cratering event onto a rubble-
pile target involving a projectile of 54.4km at 7 km/s and im-
pact angle of 60°. Regarding the monolithic target, all the “best”
potential cases have problems fitting the size range from ~25
to ~70km. The fact that a rubble-pile target gives the best
match may be an unexpected result. However, the match is
highly convincing and can motivate further studies considering
rubble-pile internal structures in the asteroid belt.

For the Eunomia and Vesta families we found fairly good
matches. For Eunomia, the best match corresponds to a
super-catastrophic breakup onto a monolithic target that
was impacted by a projectile of ~186km at 6km/s and
impact angle of 45°. Regarding impact simulations with a
rubble-pile target, we found at least four different impact
conditions that match the observed SFD for fragments larger
than ~25km. However, below this size, the modeled SFD
slope became shallower than the observed one. We rule out
these cases on this basis. On the other hand, Milani et al.,
(2014) found two subfamilies within Eunomia, which they

attribute to separate cratering events. This could suggest
that some collisional process have happened in this fam-
ily, modifying its SFD at some level. Then, this could explain
why the matches found are fairly acceptable but not perfect.
It should be studied carefully in further works.

For the Vesta family, an impact simulation with a monolithic
target impacted by a projectile of ~100km at 6 km/s and
impact angle of 75° is the one that best matches the ob-
served SFD. The agreement is quite good for fragments
of D> 15km, but below this size the modeled SFD slope
remains very steep as is usual for such oblique impacts.
The parent body size estimated from this impact is of
D=468 km, in good agreement with the geometrical estima-
tion. It could be interesting to explore the breakup of mono-
lithic target of D ~ 500 km to achieve stronger conclusions
for this family.

Finally, for the Themis family it was not possible to find a
good match. From either monolithic or rubble-pile targets
it is possible to match the largest fragment and the SFD
slope for D< 60 km, however it is hard to reproduce the ob-
served bump around 100 km. The x2 value suggests that
the SFDs of rubble-pile cases (compare Figs. 9c and d) are
closer to the observed one, but there are no really satisfac-
tory matches because the bump is not as bulging as in the
Themis SFD. The fact we could not find an acceptable match
for this family could be due to several reasons: a) the mod-
eled internal structures in this work are very simple and the
Themis family could have a more complex internal structure.
In this sense, Castillo-Rogez and Schmidt (2010), motivated
by the detection of water at the surface of 24 Themis (Rivkin
and Emery, 2010; Campins et al., 2010), examined the possi-
bility of the Themis parent body being a differentiated body
made of a mixture of ice and rock. More recently, Marsset
et al. (2016), based on the compositional characterization
of some Themis family members, provide results support-
ing this hypothesis. b) The existence of the Beagle subfamily
indicates that the Themis family has undergone some col-
lisional activity over time. Such collisions could have modi-
fied the SFD produced by the original breakup that formed
the Themis family. c) It could be possible that the Themis
parent body had a size around 250-300km or different
bulk density than the simulated targets. Themis is a family
dominated by primitive asteroids of C- and B-type; the esti-
mated density for such asteroid types is about 2 g/cm3 (Baer
& Chesley 2008), while the densities used in this study are
1.835g/cm3 and 2.7 g/cm3 for rubble-pile and monolithic
targets respectively. One might expect that more dense tar-
gets (with the same internal structure) are harder to break
up given that the critical impact specific energy increases
with bulk density, leading to some differences in the result-
ing SFD. It could be advisable to perform a new suite of sim-
ulations using the latest understanding of the physical fea-
tures of Themis to achieve more accurate conclusions on this
intriguing family.

e Finally, we conclude that an extension of impact simulation

models to differentiated targets is necessary to build a more
complete picture of the impact physics.
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Appendix A

Modeled SFDs for monolithic and rubble-pile targets of
D=100 km and 400 km.
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