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Abstract

In this paper, we analyze the effect of the internal structure of a parent body on its fragment properties following its disruptio
ferent impact energy regimes. To simulate an asteroid breakup, we use the same numerical procedure as in our previous studie
SPH hydrocode to compute the fragmentation phase and the parallelN-body codepkdgrav to compute the subsequent gravitational
accumulation phase. To explore the importance of the internal structure in determining the collisional outcome, we consider two
parent body models: (1) a purely monolithic one and (2) a pre-shattered one which consists of several fragments separated by dam
and small voids. We present here simulations spanning two different impact energy regimes—barely disruptive and highly catas
corresponding to the formation of the Eunomia and Koronis families, respectively. As we already found for the intermediate energ
represented by the Karin family, pre-shattered parent bodies always lead to outcome properties in better agreement with those of re
In particular, the fragment size distribution obtained by disrupting a monolithic body always contains a large gap between the larges
and the next largest ones, whereas it is much more continuous in the case of a pre-shattered parent body. In the latter case, the eje
of large fragments are also higher and a smaller impact energy is generally required to achieve a similar degree of disruption. He
the internal structure of bodies involved in a collision is known, predicting accurately the outcome is impossible. Interestingly, dis
pre-shattered parent body to reproduce the Koronis family yields a fragment size distribution characterized by four almost identic
objects, as observed in the real family. This peculiar outcome has been found before in laboratory experiments but is obtained f
time following gravitational re-accumulation. Finally, we show that material belonging to the largest fragments of a family originat
well-defined regions inside the parent body (the extent and location of which are dependent upon internal structure), despite the m
itational interactions that occur during the re-accumulation process. Hence fragment formation does not proceed stochastically
directly from the velocity field imparted during the impact.
 2004 Elsevier Inc. All rights reserved.

Keywords: Asteroids, composition; Asteroids, dynamics; Collisional physics; Impact processes
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1. Introduction

In this paper, we analyze the effect of the internal str
ture of a parent body on its fragment properties follow
disruption in different impact energy regimes. Our rec
simulations of the formation of the young Karin fam
(Michel et al., 2003) in the intermediate energy regime
dicated that the disruption of a monolithic parent body d
not reproduce the properties of the real family, as determ
by Nesvorný et al. (2002). In particular, for a monolith
target, there is always a lack of fragments with sizes com
rable to (but smaller than) the largest fragment, wherea

* Corresponding author.
E-mail address: patrick.michel@obs-azur.fr (P. Michel).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2003.12.011
Koronis family, for example, has four such large memb
Conversely, the size and orbital distribution of real fam
members are well reproduced from the disruption of a
shattered parent body.

In order to investigate in more detail the effect of t
internal structure of the parent body on the collisional o
come in different impact energy regimes, we have simula
the formation of the Eunomia and Koronis families us
both a monolithic and a pre-shattered parent body. The
nomia family represents a collision in a barely disrupt
impact regime, whereas the Koronis family was formed
a catastrophic impact regime. The formation of the Eu
mia and Koronis families using monolithic parent bod
has been simulated previously (Michel et al., 2001, 20
However, these simulations used somewhat arbitrary im

http://www.elsevier.com/locate/icarus
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angles and velocities. Therefore, to allow a direct comp
son with the simulations using pre-shattered parent bod
we redid all the simulations using, for both kinds of par
body models, the same projectile speed (5 km/s), the same
set of impact angles (0◦ and 45◦), and the same free param
ters that need to be defined. This paper presents the re
of all these simulations.

The assumption that large parent bodies are pre-shat
before being disrupted is appropriate not just because it
potentially lead to a closer match with observed proper
The assumed pre-shattered state is thought to be a na
consequence of the collisional evolution of main belt as
oids. Indeed, several studies have indicated that, for an
teroid, collisions at high impact energies leading to dispe
of fragments occur with a smaller frequency than collisio
at lower impact energies leading only to disruption with
fragment dispersal, i.e., shattering (see, e.g., Richards
al., 2002; Asphaug et al., 2002). Thus, in general, a t
cal asteroid gets battered over time until a major collis
eventually disperses it as smaller pieces (Melosh and R
1997). Consequently, since the formation of an asteroid f
ily corresponds to the ultimate disruptive event of a la
object, it is reasonable to think that the internal structure
this body has been modified from its primordial state by
the smaller collisional events that it has suffered over its l
time in the belt.

The battering scenario is also suggested by space
observations of small bodies (Mathilde and Eros byNEAR
Shoemaker, Ida and Gaspra byGalileo) which have shown
that fracture features as well as many craters are prese
the irregular surfaces of these objects (e.g., Belton et
1995; Chapman et al., 1996; Thomas et al., 2000). Howe
direct determination of the internal structure of a small bo
has yet to be made and would require a dedicated space
sion to an asteroid (although the measured properties w
be specific to that object). Until such a mission, any a
ori model of internal structure will necessarily be based
assumptions.

Nevertheless, an indirect method can be developed to
criminate between the different possible internal proper
of an asteroid family parent body. As we demonstrate h
by simulating the breakup of a family parent body using d
ferent models of its internal structure, we can define wh
among these models provides the best match to the real
ily. In particular, we will show for the first time that th
disruption of a pre-shattered Koronis parent body can
plain the provenance of its four largest similar-sized fam
members, whereas disruption of a monolithic parent b
cannot. The actual presence of these members in the
family was previously a matter of debate requiring alter
tive formation scenarios (see Section 5).

As we have done in the particular case of the Karin fa
ily (Michel et al., 2003), we study here two types of pare
bodies differing only by their internal structure, either mon
lithic or pre-shattered. Monolithic parent bodies have an
ternal structure characterized by a Weibull distribution
,

s

d

l

-

t

,

t

n

-

-

l

incipient flaws (Weibull, 1939), whereas pre-shattered p
ent bodies initially also contain a set of internal fragme
distributed within the body. These models are describe
Section 2 and our numerical method is detailed in Sectio
Section 4 summarizes the results in the low impact ene
regime represented by the Eunomia family formation. T
intermediate regime, represented by the Karin family,
already been studied elsewhere (Michel et al., 2003),
the results will be included in the different tables. Sectio
presents the results for the catastrophic regime represe
by the Koronis family. A discussion follows in Section
with conclusions in Section 7.

2. Models of pre-shattered parent bodies

A network of fractures inside a parent body result
from many uncorrelated small impacts is unlikely to yie
spherical internal fragments whose sizes follow a well
fined power law. To model a pre-shattered target, we h
therefore devised an algorithm that distributes a given n
ber of internal fragments of arbitrary shape and size wi
the volume of the parent body. For this, we first choose
total number of fragments that must be generated. This n
ber of fragment “seed” particles is then selected rando
but uniformly from among the normal particles in the par
body. Next, fragments are grown concurrently one part
at a time by adding a particle at random from the list of
particles neighboring those already in the fragment. Parti
that are found to belong to two or more fragments are cla
fied as “fracture” particles and are assigned a damage v
of D = 1 (totally damaged). The procedure is repeated
til all particles are assigned to fragments or to fractures
avoid having all fragments meet at the center of the body
force one seed to be initially withinr/R = 0.3, whereR is
the radius of the parent body andr is the distance of the see
from the body’s center. Finally, void space is created by r
domly removing a given number of particles from the fra
tured set. This algorithm was used by Michel et al. (20
to create the model of a pre-shattered Karin parent body
we will show, besides the fact that it constrains the imp
energy needed to achieve a given degree of disruption
internal structure of the parent body also has important c
sequences on the outcome properties of the collision.

We also built a model of a pre-shattered parent bod
which large fragments are preferentially distributed near
center and smaller fragments are generated close to the
face. We performed some simulations using this model
the collisional outcomes did not show any major qualita
difference compared to those obtained from the first mo
At our current level of capability, and considering only qu
itative differences, we believe that slight changes to the
tribution of internal fragments within the target do not g
rise to any relevant differences in the outcome. In this
per, we limit ourselves to using the model generated fro
uniform distribution of seeds.



422 P. Michel et al. / Icarus 168 (2004) 420–432

the
s

s fol
at

to a
es a
frac-
aine

the
03).
also
oth

de-
orm
tion

As
tson
ons
son,
sig-
tate

aral-
is

pa
ted
re
sed
rag-
d is
spi

alue
are
mo-
ces

e de
the
the
ec-
act

co
both

pi-
rely
ob-
nal

d to
rep-
s

e-
am-
ction
of
nt

nt

act
, im-
of

ant,
be-
ore
od-
SPH
tally
ds
rav-

the
mean
imit
n) is
ghly

sig-
e of
ings
than

par-

ed
graph
ergy

-
ant
Note that the rubble pile model used to simulate
Karin family formation event in Michel et al. (2003) wa
constructed differently. In that case, spheres whose size
lowed a specified power law distribution were distributed
random inside the parent body. Particles not belonging
sphere were removed to create void space and particl
the interface of two or more spheres were assigned to
tures. The fragment characteristics (size and speed) obt
with this model are compared to the one obtained using
pre-shattered model described above in Michel et al. (20
Some outcome properties obtained with this model are
reported here in the different tables. It is shown that b
lead to very similar results.

3. Numerical method

We refer the reader to Michel et al. (2001, 2002) for a
tailed description of the numerical method used to perf
our simulations. Here we just recall that the fragmenta
phase is computed using a 3D SPH hydrocode (Benz and
phaug, 1995, 1999) assuming basalt bodies and the Tillo
equation of state (Tillotson, 1962). Comparison calculati
using the ANEOS equation of state (Thompson and Lau
1972) have shown that for collisions that do not include
nificant phase transitions, the details of the equation of s
do not matter much.

The gravitational phase is then computed using the p
lel N -body codepkdgrav (Richardson et al., 2000). Th
code detects and treats collisions and mergers between
ticles on the basis of different options that were investiga
by Michel et al. (2002) for monolithic parent bodies. He
we use the most realistic treatment in which a criterion ba
on relative speed and angular momentum is applied: f
ments are allowed to merge only if their relative spee
smaller than their mutual escape speed and the resulting
of the merged fragment is smaller than the threshold v
for rotational fission. When two particles merge, they
replaced by a single spherical particle with the same
mentum. Non-merging collisions are modeled as boun
between hard spheres whose post-collision velocities ar
termined by the amount of dissipation occurring during
collisions. The latter is determined in our simulations by
coefficients of restitution in the tangential and normal dir
tions of the velocity vectors relative to the point of cont
(see Richardson, 1994, for details). The values of these
efficients are poorly constrained; we chose to set them
arbitrarily equal to 0.5 (see also Michel et al., 2002).

4. The Eunomia family

We use the Eunomia family formation event as a ty
cal example of the breakup of a large object in the ba
disruptive impact regime. The largest member of the
served family contains approximately 70% of the origi
-

t

d

-

r-

n

-

-

mass of the parent body, whose diameter is estimate
have been 284 km (Tanga et al., 1999). This body was
resented by 2× 105 SPH particles. The bulk density wa
set to 2.7 g/cm3 for the monolithic parent body. The pr
shattered model contained 50 fragments, a fraction of d
aged mass at the interfaces equal to 0.17, and a void fra
of 0.075, which results in a somewhat lower bulk density
2.5 g/cm3. The mass fraction in the smallest initial fragme
turned out to be 6.5× 10−3 and that in the largest fragme
3.2× 10−2.

In order to test the sensitivity of the outcome to the imp
geometry, we considered a projectile, also pre-shattered
pacting either “head-on” or with an angle of incidence
45◦. Note that for a specified mass of the largest remn
the projectile’s size depends on the impact geometry,
cause for a given impact energy, a “head-on” impact is m
disruptive than a grazing one. For both kinds of parent b
ies, we computed the fragmentation phase using the
hydrocode and found that in all cases the target was to
pulverized down to the resolution limit, which correspon
to a fragment radius of 2.38 km. We then computed the g
itational phase using the parallelN -body codepkdgrav
over 11 days of simulated time.

Tables 1 and 2 summarize the results obtained for
largest remnant’s mass and speed, respectively. The
ejection speed of fragments larger than the resolution l
(i.e., those that underwent at least one re-accumulatio
also indicated. From Table 1, it can be seen that rou
equivalent largest remnants are obtained even though a
nificantly lower impact energy was necessary in the cas
a pre-shattered parent body. In other words, all other th
being equal, pre-shattered bodies are easier to disrupt

Table 1
Summary of simulation parameters

Family θ (◦) Rp (km) Q (erg/g) Mlr/Mpb

Eunomia M 0 28.90 1.05× 109 0.67
Eunomia S 0 27.50 9.06× 108 0.72
Eunomia M 45 38.00 2.39× 109 0.66
Eunomia S 45 33.80 1.68× 109 0.70

Karin M 0 1.35 1.57× 108 0.52
Karin S 0 1.03 6.97× 107 0.47
Karin M 45 1.65 2.87× 108 0.50
Karin S 45 1.21 1.13× 108 0.51
Karin R 45 1.50 2.16× 108 0.49

Koronis M 0 15.50 2.15× 109 0.08
Koronis S 0 10.75 7.17× 108 0.05
Koronis M 45 18.70 3.77× 109 0.05
Koronis S 45 13.90 1.55× 109 0.07

M and S refer to either a monolithic parent body or a pre-shattered
ent body, respectively. The projectile’s angle of incidence isθ . Results of
simulations by Michel et al. (2003) for the Karin family are also includ
here; the label R indicates a rubble-pile parent body (see the last para
of Section 2). Impact conditions are defined by the specific impact en
Q = (projectile kinetic energy)/(target mass), which involves the projec
tile’s radiusRp. Mlr/Mpb is the resulting mass ratio of the largest remn
to the parent body.
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Table 2
Properties of fragment ejection speeds

Family θ (◦) Vlr 〈V 〉 Vmed Vmax fKE

Eunomia M 0 1 120 92 854 0.21
Eunomia S 0 22 210 186 918 0.25
Eunomia M 45 44 128 92 1724 0.20
Eunomia S 45 33 194 170 998 0.22

Karin M 0 6 18 10 362 0.172
Karin S 0 4 14 11 143 0.163
Karin M 45 9 19 14 157 0.173
Karin S 45 4 15 12 283 0.171
Karin R 45 5 14 12 202 0.165

Koronis M 0 31 82 42 789 0.296
Koronis S 0 23 118 101 792 0.28
Koronis M 45 80 105 90 1396 0.22
Koronis S 45 39 119 100 823 0.25

Family labels are the same as in Table 1. Speeds are given in m/s. Vlr is
the largest remnant ejection speed.〈V 〉 is the average speed of fragmen
which underwent at least one reaccumulation event, whileVmed andVmax
are, respectively, their median and maximum speeds. The parameterfKE is
the so-calledanelasticity parameter. Here we define it by the ratio of th
sum of the kinetic energy of all fragments, including the smallest one
the projectile’s kinetic energy (see Section 6.3 for a discussion).

monolithic ones. A similar conclusion was already reac
by Michel et al. (2003) in their studies of the Karin fami
which took place in an intermediate impact energy regim

The size distributions of fragments from a monolith
and a pre-shattered parent body together with the real
ily members are presented in Figs. 1 and 2. Clearly,
two different internal structure models lead to quite diff
ent fragment distributions, the pre-shattered target bein
better agreement with observations, as far as the numb
large fragments is concerned. More precisely, the dis
tion of such a parent body leads to the formation of m
f

Table 3
Computed mass ratios showing the differences between the frag
masses obtained from the disruption of different parent body models

Family θ (◦) Mlr/Mpb
∑5

i=2 Mi/Mlr

Eunomia M 0 0.67 0.015
Eunomia S 0 0.72 0.038
Eunomia M 45 0.66 0.003
Eunomia S 45 0.70 0.038

Karin M 0 0.52 0.0007
Karin S 0 0.47 0.1261
Karin M 45 0.50 0.0100
Karin S 45 0.51 0.0507
Karin R 45 0.49 0.0470

Koronis M 0 0.08 0.114
Koronis S 0 0.05 2.518
Koronis M 45 0.05 0.308
Koronis S 45 0.07 2.699
∑5

i=2 Mi = M2 + M3 + M4 + M5 is the sum of the masses of the secon
to fifth-largest fragments.

more large fragments through gravitational re-accumulat
so that the distribution as a whole appears quite cont
ous. On the other hand, the break-up of a monolithic pa
body also produces a fairly large number of re-accumula
fragments, but the outcome is characterized by a very l
fragment followed by many much smaller aggregates. T
characteristic does not depend much on the impact ge
etry (angle of incidence of the projectile) nor, as we sh
see later, on the impact energy. Quantitatively, this can
be seen in Table 3, where the total mass contained in
second- to fifth-largest fragments normalized to the m
of the largest remnant is compared between the two c
(see also Section 6 for a more detailed discussion). Con
ering smaller real family members, their size distribution l
1999) wh

Fig. 1. Cumulative diameter distributions in log-log plots for the fragments of the simulated Eunomia families obtained with a projectile colliding“head-on.”
Different symbols are used to distinguish between different parent body models. The plot on the left also shows the real members (Tanga et al.,ile
on the right the potential interlopers (2nd and 3rd largest members) have been removed from the actual distribution.
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Fig. 2. Same as Fig. 1 obtained using a projectile impacting with an angle of incidenceθ equal to 45◦.
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between the ones produced by both models. Assuming
the Eunomia family was produced at least a few hund
millions years ago, collisional erosion might still expla
qualitatively at least, the observed size distribution origin
ing from the one produced by a pre-shattered parent b
whereas it is more difficult to explain it originating from th
other model. Therefore, the size distribution of fragme
from a pre-shattered target, taken as a whole, appears
consistant with the actual family, accounting for its poss
collisional history.

It is interesting to note that the two large well-know
interlopers (Lazzaro et al., 2001) in the real family can
clearly identified from a comparison between the simula
and real family size distribution (see Figs. 1 and 2). T
opens the possibility of using numerical simulations of fa
ily formation to help select good candidates for spectral
servations in order to check from their taxonomic type if th
are actual family members.

The internal structure of the parent body also influen
although less dramatically, the fragments’ ejection spe
While a pre-shattered body does not necessarily yield
highest ejection speed, it systematically leads to higher m
and median speeds (see Table 2). This suggests that th
lisional process in a pre-shattered parent body is more
cient in transferring kinetic energy to fragments. A priori,
might expect that the presence of damaged zones in a p
body decreases the efficiency of the shock wave propag
and thus enhances dissipative effects. In reality, the opp
happens. We explain this somewhat surprising result by
fact that in our model of pre-shattered targets there is no
discontinuity or impedance mismatch for the shock wave
tween fragments and cracks, since:

(i) both are modeled with the same material; and
(ii) void space is small.
t

,

e

l-

t

l

On the other hand, rarefaction waves which actually ind
fracture inside the parent body cannot cross cracks s
these are completely damaged regions. Hence, mome
can be imparted to fragments without having to wait u
the rarefaction wave has induced total failure.

This correlation between internal structure of the pa
body and mean speed of fragments, while existing in the
nomia and Koronis families (see below), seems absent in
Karin family. We explain this by the fact that in the latt
case the parent body is much smaller and hence require
specific energy to disrupt. Since the impact speed has
fixed at 5 km/s, this translates into a proportionally smal
projectile. As shown by Benz and Asphaug (1999), the e
ciency of momentum transfer is directly related to the ra
between projectile and target radius. This effect result
our case in very small ejection speeds which do not allow
to distinguish between internal structure models.

Another way to analyze the difference in speeds is
make a plot of fragment size as a function of ejection sp
Figures 3 and 4 show these plots for both parent bodie
the case of a 45◦ impact. It is apparent that in a given si
range, ejection speeds of fragments are generally highe
the pre-shattered parent body. These higher ejection sp
are an important property that seems to be systematic, a
will see in the next case.

5. The Koronis family

The highly catastrophic regime is illustrated by the f
mation of the Koronis family. Its largest remnant conta
∼ 5% of the estimated parent body mass (Tanga et al., 19
The parent body, 120 km in diameter, was represente
2×105 SPH particles. The bulk density was set to 2.7 g/cm3

for the monolithic parent body. The pre-shattered model c
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Fig. 3. Fragment diameterD (normalized to that of the parent bodyDpb)
vs. ejection speed in a log-log plot obtained from the monolithic Euno
parent body simulation using a projectile impacting with an angle of i
denceθ = 45◦. Only fragments with size above the resolution limit (i.
those that underwent at least one reaccumulation event) are shown he

Fig. 4. Same as Fig. 3 but for a pre-shattered Eunomia parent bod

tained 50 fragments, a fraction of damaged mass at th
terfaces equal to 0.17, and a void fraction of 0.075, wh
results in a somewhat lower bulk density of 2.5 g/cm3.
The mass fraction in the smallest fragment turned out to
5.6× 10−3 and that in the largest fragment 3.2× 10−2. The
projectile was also pre-shattered.
As for Eunomia, we find that the fragmentation pha
leads to a total pulverization of both kinds of parent bo
down to the resolution limit, which corresponds to a fra
ment radius of 1 km. The gravitational phase computed w
theN -body code over 23 days of simulated time led to ma
re-accumulation events, giving rise to two different fragm
size distributions (see Fig. 5). Again, the one obtained u
a pre-shattered parent body contains a much greater nu
of large fragments.

Interestingly, the two simulations starting with a pr
shattered parent body lead to the formation of four larg
fragments of nearly equal size. This peculiar character
which is shared by the real family has been a source of
troversy. Indeed, catastrophic disruption and the subseq
gravitational re-accumulation were, until now, not believ
to be able to produce a fragment size distribution featu
several large, nearly equal-size bodies. Therefore, altern
scenarios to explain the Koronis family have been propo
involving the post-breakup collisional evolution of the ast
oid family. One of them invokes a secondary breakup of
original largest remnant, which would then have been la
than the current one (Marzari et al., 1995). In that case,
original parent body of the Koronis family should also ha
been larger than the one estimated from the current size
tribution assuming no secondary breakup.

However, Ryan et al. (1991) found in their laborato
experiments of impacts on rubble piles that the occurre
of four to seven large fragments having masses with
factor of two of each other is not unusual. From these
sults, Marzari et al. (1995) speculated that the presenc
these large, nearly equal-size fragments in the Koronis f
ily reflects a composite structure of the parent body. W
we reach a similar conclusion, our results have a diffe
meaning since they are obtained in the gravitational reg
in which fragments are aggregates and not intact bod
Hence, we have demonstrated for the first time that th
fragments can actually be produced by the original fam
formation event and that no subsequent mechanism re
ing a revision of the family’s history is needed to expla
their presence.

In Fig. 5 we also compare the overall size distribution
family members obtained in our simulations to the real fa
ily down to the completeness limit. It is apparent that wh
in the pre-shattered case the largest fragments show a
cellent agreement, the simulated distributions are syste
ically shallower at smaller sizes. Since collisional evolut
cannot steepen such a distribution, we have no good exp
tion for this difference except to note that no particular eff
was made to match in detail this distribution. We used o
the largest fragment to determine the collision parame
We cannot exclude that shape or rotation could also a
the slope of the size distribution.

As we did for the Karin family (Michel et al., 2003
we converted the ejection velocities of the fragments of
Koronis family from our simulations into orbital elemen
using Gauss’ formulae and compared their spreading



426 P. Michel et al. / Icarus 168 (2004) 420–432

d with
to

et al., 199
Fig. 5. Cumulative diameter distributions in log-log plots for the fragments of the simulated Koronis families. The plot on the left was obtainea
projectile colliding “head-on,” whereas an impact with an angle of incidenceθ equal to 45◦ gave rise to that on the right. Different symbols are used
distinguish between parent body models. The plots also show the estimated sizes of the actual members down to the completeness limit (Tanga9).
Note that the simulations using a pre-shattered target reproduce the four nearly identical largest members.
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that of real family members in proper element space.
ures 6 and 7 show the results for the monolithic and the
shattered parent bodies. Our arbitrary choice of values
the orbital semimajor axis and inclination of the projec
(the eccentricity being derived from the Tisserand const
as well as the true anomaly and argument of perihelio
the parent body at the instant of impact, are indicated
the plots. It is evident that the spreading of the family me
bers obtained from a pre-shattered target is in much b
agreement with observations. However, one characteris
the real members that is not reproduced with either mod
the shape of the eccentricity distribution at large semima
axis. Different choices of free parameters (e.g., true anom
of the parent body) can change the shape but not sufficie
to reproduce the observed eccentricity distribution. H
ever, dynamical diffusion due to efficient high-order re
nances has been shown to be able to account for such a
(Bottke et al., 2001). Interestingly, fragments from a p
shattered parent body show a spread in semimajor axis
lar to the one of the real family. Hence, it is not necessar
invoke the Yarkovsky effect to explain the observed spre
However, the apparently non-random orientation of the s
vectors of large Koronis family members (Vokrouhlický
al., 2003) may still require that the family be old in order
leave enough time for the thermal torques to align them.

6. Internal structure and outcome properties

In this section, we discuss different collisional outco
characteristics and their dependence upon the internal s
ture of the parent body. In particular, we look at the s
e

-

-

distribution, the location inside the parent body of the m
terial forming the largest gravitationally re-accumulated
gregates, the efficiency with which the projectile’s kine
energy is distributed among the family members, and
characteristics of the numerous satellites formed.

6.1. Number of large fragments

As we have already noted, the most striking differe
in collisional outcomes is related to the fragment size
tribution, which is systematically much more continuo
when a pre-shattered parent body is considered. To q
tify this property, we have computed, for each case, the r∑5

i=2 Mi/Mlr of the mass contained in the second- (M2) to
fifth- (M5) largest fragments to that of the largest one (Mlr ).
As can be seen in Table 3, this ratio, which is independ
of the size of the parent body, appears systematically m
higher for a pre-shattered parent body, with a trend towa
systematic increase of its value with the degree of disrup
(see Fig. 8).

Assuming that our limited analysis is sufficiently ge
eral, in a highly catastrophic regime (represented here b
Koronis family formation), Table 3 suggests that the pa
body was monolithic if the mass ratio

∑5
i=2 Mi/Mlr is in the

∼ 0.1 range. In the intermediate regime (represented by
Karin family formation), values smaller than∼ 0.01 would
imply such a structure for the parent body. Finally, in
barely disruptive regime (represented by the Eunomia f
ily formation) this ratio must be smaller than∼ 0.02 for such
a body.

We can attempt to apply this criterion to other S-ty
asteroid families (recall that we used basalt bodies). Fo
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Fig. 6. (Left) From top to bottom, histograms of the proper semimajor axis, eccentricity, and sine of inclination for both the real members of the Korois family
(open bars) and the simulated family (filled bars) from the disruption of a monolithic parent body. For the latter, the orbital elements are computed from Gauss’
equations, assuming a main-belt-like orbit of the projectile (its semimajor axisa and inclinationi are indicated at the bottom of the plot; its eccentricity c
be derived from the formula for the Tisserand constant). The values of the parent body’s true anomaly at impactf and its sum with the argument of perihelio
ω + f are assumed to be equal to, respectively, 80◦ and 125◦ . The histograms are individually normalized to the number of objects in the most populate
(Right) Distributions in the eccentricity vs. semimajor axis plane (top) and in the sine of inclination vs. semimajor axis plane (bottom) of the realembers
and of the simulated family.
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stance, the Maria family, whose parent body diameter is
timated at 130 km and whose mass ratioMlr/Mpb is equal to
0.05 (Tanga et al., 1999), has a ratio

∑5
i=2 Mi/Mlr equal to

2.9, indicating a pre-shattered parent body. The same h
true for the Eos family, for which this ratio is equal to 1.1,
with a parent body 218 km in diameter, andMlr/Mpb = 0.11
(Tanga et al., 1999). Finally, this exercise applied to the F
family gives a value of 0.13 for a parent body diameter equ
to 164 km andMlr/Mpb = 0.57 (Tanga et al., 1999). Thu
our simple criterion, if true, indicates that all these famil
have originated from pre-shattered asteroids. This is c
sistent with the idea that large asteroids get battered
time by small impacts before undergoing a dispersal/fam
forming event.

6.2. Initial positions of particles forming the largest
fragments

It is interesting to trace back, at least for some of
largest fragments, the original positions within the par
body of the particles that end up forming these aggrega
If re-accumulation is a random process, we expect the p
cles of a given large fragment to originate from uncorrela
regions within the parent body. Conversely, if the initial v
locity field imposed by the fragmentation process determ
the re-accumulation phase, the particles belonging to
same fragment should originate from well defined areas
side the parent body. In addition, the position and exten
these regions will provide indications about the mixing
curring as a result of the re-accumulation process.

In Fig. 9 we traced the particles belonging to the th
largest fragments of the Koronis family (45◦ impact) back
to their original positions inside the parent body. In suc
highly catastrophic event, the re-accumulation process
up to several days, much longer than for a barely disr
tive event, and gives rise to many gravitational encount
Therefore, this kind of event may well lose the memo
of the initial velocity field. Nevertheless, even in this ca
particles are found to originate from well clustered regio
within the parent body, indicating that re-accumulation
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Fig. 7. Same as Fig. 6 for the disruption of a pre-shattered parent body.
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definitely not a random process. Interestingly, the posi
of the cluster depends greatly on the internal propertie
the parent body. The largest remnant of our pre-shatt
model involves particles that were initially located betwe
the core and the region antipodal to the impact point. C
versely, in the monolithic parent body, those particles w
initially much more clustered in the core region, with
particles originating from the antipode. This difference a
holds true for the next largest fragments.

In summary, our results indicate that the velocity fi
arising from fragmentation has a major influence on the
accumulation process. Particles that eventually belong
given fragment originate from the same region inside
parent body. However, this location (as well as its ext
which determines the degree of mixing of the fragme
depends also on the parent body’s internal properties
complex way. Since this may be particularly important
differentiated bodies, we plan to investigate this in more
tail in future studies.

6.3. Kinetic energy partitioning fKE and ejection speeds

We can use our simulations to investigate the meanin
the parameterfKE, defined in the literature as the fractio
of the projectile kinetic energy that is transferred to all
fragments.
ComputingfKE from all the fragments down to the res
lution limit of a single particle, we find in all cases a value
order 0.1 regardless of structure or geometry (Table 2).
clearly indicates thatfKE is not a good indicator of interna
structure.

It is important to realize that determining the actual va
of fKE may actually be tricky since, while independent of
ternal structure when considering all fragments, it is a str
function of target structure if only a subset of fragment
considered. To illustrate this point, we plot in Fig. 10 t
value offKE obtained as a function of fractional mass sta
ing with the largest fragments for both models of the Koro
parent body. Strikingly,fKE varies in both cases by mo
than two orders of magnitude. Using only the large fragm
end of the distribution yields values of order 0.001 regardles
of the structure model, while using all fragments yields v
ues of order 0.2. However, with intermediate amounts of t
fractional mass, we obtainfKE values that depend strong
upon initial structure. For example, at 50% fractional ma
fKE = 0.1 in the case of a monolithic target whilefKE =
0.01 in the case of a pre-shattered target. This is bec
fKE values computed for a given fractional mass invo
many more smaller fragments (which tend to have hig
speeds) in the monolithic case than in the pre-shattered
Thus, a higherfKE value does not imply that fragments
a given mass have higher speeds, but simply that mor
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netic energy has been given to the material used to com
fKE. Conversely, identical values offKE imply that the same
amount of kinetic energy has been imparted to a numbe

Fig. 8. Plot of the ratio of the sum of the mass of the second- to fifth-lar
fragments (M2, M3, M4, M5) over Mlr vs. Mlr/Mpb, obtained from the
different simulations of the Eunomia, Karin, and Koronis family form
tions. Family labels are identical to the ones used in the tables. Filled
open symbols are used for monolithic (M) and pre-shattered (S) parent
ies, respectively. Polygons with an even or odd number of sides corres
to impact with a projectile angle of incidence equal to 0◦ (I) or 45◦ (II),
respectively. Outcomes obtained from pre-shattered parent bodies ar
tematically well above those obtained from monolithic parent bodies in
impact energy regimes. A straight line can be drawn which separate
two models. Data from five observed families are also indicated.
-

large fragments in the pre-shattered case and to a larger
ber of smaller fragments in the monolithic case.

This implies, for example, thatfKE values determined
from laboratory experiments, in which the speeds of on
fraction of the fragments can be determined, are mislea
and do not represent the true value offKE when computed
over all the fragments. The same remark obviously app
to asteroid families for which only members above the
tection threshold are used in the computation offKE.

Power law relations between fragment masses and sp
are often used in the computation of the collisional evolut
of a population of small objects (see e.g., Davis et al., 20
Our simulations show no such simple relation but rathe
wide spread of ejection speeds for fragments of a given m
(see Figs. 3 and 4), even though a trend exists that sm
fragments tend to have larger ejection speeds.

6.4. Formation of asteroid satellites

Table 4 indicates the number of satellites orbiting
largest remnant at the end of each simulation. As Mic
et al. (2001, 2002) already found, a great number of larg
remnant satellites are generally produced during a collisi
disruption in all impact energy regimes. This process is
vestigated in detail in the case of monolithic parent bod
by Durda et al. (2003). We find that the number of sa
lites produced does not provide a diagnostic of the pa
body internal structure, since both kinds of parent bod
(monolithic and pre-shattered) give rise to a large numbe
satellites whose characteristics are indistinguishable. S
lite capture depends on individual fragment trajectories
is a very sensitive process since interactions must avoid l
ing to collision or escape. Therefore, it is not so surpris
ely.
images of

of
Fig. 9. Initial location within the parent body ((left) monolithic; (right) pre-shattered) of the particles ending up forming the three largest fragments of the
Koronis family (45◦ impact angle).Mlr is shown in green, and the second- (M2) and third- (M3) largest fragments are shown in yellow and in red, respectiv
The initial damaged zones defining the fragments within the pre-shattered parent body are visible as pink lines. For each model we show two 3D
the particles eventually making up these three fragments: (1) inside the parent body (in blue) from which 1/8th was cut out and (2) without the remainder
the parent body.
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Fig. 10. Two plots from the simulations of the Koronis family formation showing the values offKE (anelasticity parameter) as a function of the fractio
mass used in its computation. Between crosses, fragments have identical mass. The impact angle was equal to 0◦ and the parent body was either monolith
(left) or pre-shattered (right).

Table 4
Number of satellites of the largest remnant at the end of each simulation with the different parent body models

Family θ (◦) Nb total Nb total,Q < RH Nb, R > Rmin Nb, R > Rmin, Q < RH Mls/Mprim

Eunomia M 0 23(0.04) 19 (0.03) 2 (0.07) 2 (0.07) 3.5× 10−5

Eunomia S 0 181(0.45) 180(0.45) 19 (1.05) 19 (1.05) 1.3× 10−4

Eunomia M 45 628(0.93) 608(0.90) 58 (2.42) 57 (2.38) 3.5× 10−4

Eunomia S 45 295(0.66) 292(0.66) 16 (0.83) 16 (0.83) 6.6× 10−5

Karin M 0 17(0.02) 13 (0.01) 5 (0.51) 5 (0.51) 1.5× 10−4

Karin S 0 705(0.80) 681(0.77) 50 (2.31) 50 (2.31) 2.5× 10−3

Karin M 45 486(0.46) 463(0.44) 36 (4.34) 35 (4.22) 7.2× 10−3

Karin S 45 288(0.34) 276(0.32) 24 (1.04) 23 (1.00) 1.7× 10−4

Karin R 45 345(0.61) 340(0.60) 9 (1.68) 9 (1.68) 3.2× 10−3

Koronis M 0 183(0.10) 175(0.09) 14 (0.62) 13 (0.58) 1.2× 10−4

Koronis S 0 386(0.37) 378(0.36) 12 (0.69) 12 (0.69) 1.2× 10−3

Koronis M 45 505(0.27) 480(0.26) 45 (1.03) 44 (1.01) 7.4× 10−4

Koronis S 45 285(0.26) 284(0.26) 8 (0.45) 8 (0.45) 5.3× 10−4

θ is the impact angle. The fourth column indicates the total number of satellites with orbits entirely inside the Hill’s radius of their primary, locad at a
heliocentric distance of 2.644 AU for Eunomia and 2.866 AU for Karin and Koronis. The corresponding percentage of the total number of fragme
the same instant is indicated in parentheses.Q is the maximum distance to the primary of the satellite along its orbit. In the columns withR > Rmin, only
objects with radius greater than the minimum valueRmin imposed by the resolution of our simulations have been considered. In this case, the corres
percentage of the total number of fragments which underwent at least one reaccumulation is indicated in parentheses. The last column gives thetio of
the largest satellite to the primary.
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that, due to the somewhat chaotic nature of the process
initial ejection velocity field does not tightly constrain t
satellite capture efficiency, even though the internal struc
of the parent body does affect the global properties of
ejection velocity field and hence the reaccumulation pro
and fragment properties.

We note that head-on impacts with a monolithic par
body seem to generate a smaller number of largest-rem
satellites than head-on impacts with a pre-shattered p
body. The opposite is found for projectiles impacting wit
t
t

45◦ angle of incidence. Also, with monolithic parent bodi
head-on impacts produce generally fewer largest-rem
satellites than 45◦ impacts. With pre-shattered parent bo
ies, the number of satellites generated from oblique imp
is greater than for head-on impacts, but only for those s
lites which underwent at least one reaccumulation. The
gin of these systematic differences is not obvious and w
require a deeper analysis of satellite formation based
greater number of simulations, which is beyond the scop
this paper.
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7. Conclusion

This work represents another step in our understa
ing of collisional processes involving asteroids. In Mich
et al. (2002), we concluded that using a monolithic tar
may not be realistic, since prior to a dispersing event,
teroids as large as family parent bodies are likely to h
already been battered by numerous previous small imp
(Asphaug et al., 1998). Here, we constructed different m
els of such pre-shattered parent bodies and simulated
disruption. The results confirm those of Michel et al. (20
for the particular case of the young Karin family and sh
that the breakup of a pre-shattered parent body gene
leads to outcome properties in better agreement with a
oid family properties. In particular, the obtained fragm
size distribution is almost continuous in collisions invo
ing a pre-shattered parent body while it lacks intermed
size fragments in the monolithic case. Thus, we tentativ
propose a parent body internal structure indicator wh
consists of the mass ratio between the sum of the sec
to fifth-largest fragment and the largest fragment (see
ble 3).

Since real family members have continuous size dis
butions and only pre-shattered parent bodies seem ca
of yielding such distributions, we conclude that before
ing disrupted, most asteroid family parent bodies must h
been extensively fractured. Note that this scenario is in g
agreement with the current view of the history of the as
oid belt. We can also compute the expected family form
tion frequency using the results of our still relatively si
ple collision simulations and rough estimates of projec
and target numbers. We obtain that one Koronis family
expected to form every 1 Gyr, one Eunomia family ev
1.2 Gyr and one Karin family every 10 Myr (F. Marza
private communication), again in good agreement with
cepted ages.

Another important result of this study is that the imp
energy required to achieve a given degree of disruption
function of internal structure. Even within pre-shattered
gets variations exist depending upon the presence or abs
of large void spaces which influence the efficiency at wh
kinetic energy is distributed throughout the target and u
mately to the fragments. We plan to investigate this furt
together with the effect of smaller-scale porosity, in a for
coming paper.

In light of the present results, we believe that any
timate of the impact energy needed to create a given
gree of disruption requires a rather good knowledge of
internal structure of the target. This conclusion has m
implications in a wide range of studies. For instance
indicates that the internal structure of a body has an
fluence on its collisional lifetime, which must be tak
into account in models of collisional evolution of the a
teroid belt and more generally in models of the evolut
of planetary systems in all phases. It also appears
cial to have a good knowledge of the internal structure
r

-

e

e

potentially hazardous asteroids since mitigation strate
aimed at deviating an object on its way to Earth will
quire an accurate estimate of the impact energy neede
do so.
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