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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 disruption in dif-
ferent impact energy regimes. To simulate an asteroid breakup, we use the same numerical procedure as in our previous studies, i.e., a :
SPH hydrocode to compute the fragmentation phase and the pavalietly codepkdgr av to compute the subsequent gravitational re-
accumulation phase. To explore the importance of the internal structure in determining the collisional outcome, we consider two different
parent body models: (1) a purely monolithic one and (2) a pre-shattered one which consists of several fragments separated by damaged zor
and small voids. We present here simulations spanning two different impact energy regimes—barely disruptive and highly catastrophic—
corresponding to the formation of the Eunomia and Koronis families, respectively. As we already found for the intermediate energy regime
represented by the Karin family, pre-shattered parent bodies always lead to outcome properties in better agreement with those of real familie
In particular, the fragment size distribution obtained by disrupting a monolithic body always contains a large gap between the largest fragmen
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 ejection spe
of large fragments are also higher and a smaller impact energy is generally required to achieve a similar degree of disruption. Hence, unles
the internal structure of bodies involved in a collision is known, predicting accurately the outcome is impossible. Interestingly, disrupting a
pre-shattered parent body to reproduce the Koronis family yields a fragment size distribution characterized by four almost identical largest
objects, as observed in the real family. This peculiar outcome has been found before in laboratory experiments but is obtained for the firs
time following gravitational re-accumulation. Finally, we show that material belonging to the largest fragments of a family originates from
well-defined regions inside the parent body (the extent and location of which are dependent upon internal structure), despite the many gray
itational interactions that occur during the re-accumulation process. Hence fragment formation does not proceed stochastically but result
directly from the velocity field imparted during the impact.
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1. Introduction Koronis family, for example, has four such large members.
Conversely, the size and orbital distribution of real family
In this paper, we analyze the effect of the internal struc- members are well reproduced from the disruption of a pre-
ture of a parent body on its fragment properties following shattered parent body.
disruption in different impact energy regimes. Our recent In order to investigate in more detail the effect of the
simulations of the formation of the young Karin family internal structure of the parent body on the collisional out-
(Michel et al., 2003) in the intermediate energy regime in- come in differentimpact energy regimes, we have simulated
dicated that the disruption of a monolithic parent body does the formation of the Eunomia and Koronis families using
not reproduce the properties of the real family, as determinedpoth a monolithic and a pre-shattered parent body. The Eu-
by Nesvorny et al. (2002). In particular, for a monolithic nomia family represents a collision in a barely disruptive
target, there is always a lack of fragments with sizes compa-jmpact regime, whereas the Koronis family was formed in
rable to (but smaller than) the largest fragment, whereas theg catastrophic impact regime. The formation of the Euno-
mia and Koronis families using monolithic parent bodies
~* Corresponding author. has been simulated previously (Michel et al., 2001, 2002).
E-mail address: patrick.michel@obs-azur.fr (P. Michel). However, these simulations used somewhat arbitrary impact
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angles and velocities. Therefore, to allow a direct compari- incipient flaws (Weibull, 1939), whereas pre-shattered par-
son with the simulations using pre-shattered parent bodies,ent bodies initially also contain a set of internal fragments
we redid all the simulations using, for both kinds of parent distributed within the body. These models are described in
body models, the same projectile speed (5&mthe same  Section 2 and our numerical method is detailed in Section 3.
set of impact angles {Gand 4%), and the same free parame- Section 4 summarizes the results in the low impact energy
ters that need to be defined. This paper presents the resultsegime represented by the Eunomia family formation. The
of all these simulations. intermediate regime, represented by the Karin family, has
The assumption that large parent bodies are pre-shatteredlready been studied elsewhere (Michel et al., 2003), but
before being disrupted is appropriate not just because it maythe results will be included in the different tables. Section 5
potentially lead to a closer match with observed properties. presents the results for the catastrophic regime represented
The assumed pre-shattered state is thought to be a naturaby the Koronis family. A discussion follows in Section 6,
consequence of the collisional evolution of main belt aster- with conclusions in Section 7.
oids. Indeed, several studies have indicated that, for any as-
teroid, collisions at high impact energies leading to dispersal
of fragments occur with a smaller frequency than collisions 2. Models of pre-shattered parent bodies
at lower impact energies leading only to disruption without
fragment dispersal, i.e., shattering (see, e.g., Richardson et A network of fractures inside a parent body resulting
al., 2002; Asphaug et al., 2002). Thus, in general, a typi- from many uncorrelated small impacts is unlikely to yield
cal asteroid gets battered over time until a major collision spherical internal fragments whose sizes follow a well de-
eventually disperses it as smaller pieces (Melosh and Ryan fined power law. To model a pre-shattered target, we have
1997). Consequently, since the formation of an asteroid fam- therefore devised an algorithm that distributes a given num-
ily corresponds to the ultimate disruptive event of a large ber of internal fragments of arbitrary shape and size within
object, it is reasonable to think that the internal structure of the volume of the parent body. For this, we first choose the
this body has been modified from its primordial state by all total number of fragments that must be generated. This num-
the smaller collisional events that it has suffered over its life- ber of fragment “seed” particles is then selected randomly

time in the belt. but uniformly from among the normal particles in the parent
The battering scenario is also suggested by spacecraftbody. Next, fragments are grown concurrently one particle
observations of small bodies (Mathilde and ErosNBAR at a time by adding a particle at random from the list of all

Shoemaker, Ida and Gaspra béalileo) which have shown  particles neighboring those already in the fragment. Particles
that fracture features as well as many craters are present orthat are found to belong to two or more fragments are classi-
the irregular surfaces of these objects (e.g., Belton et al.,fied as “fracture” particles and are assigned a damage value
1995; Chapman et al., 1996; Thomas et al., 2000). However,of D = 1 (totally damaged). The procedure is repeated un-
direct determination of the internal structure of a small body til all particles are assigned to fragments or to fractures. To
has yet to be made and would require a dedicated space misavoid having all fragments meet at the center of the body, we
sion to an asteroid (although the measured properties wouldforce one seed to be initially within/R = 0.3, whereRr is
be specific to that object). Until such a mission, any a pri- the radius of the parent body ands the distance of the seed
ori model of internal structure will necessarily be based on from the body’s center. Finally, void space is created by ran-
assumptions. domly removing a given number of particles from the frac-
Nevertheless, an indirect method can be developed to dis-tured set. This algorithm was used by Michel et al. (2003)
criminate between the different possible internal properties to create the model of a pre-shattered Karin parent body. As
of an asteroid family parent body. As we demonstrate here, we will show, besides the fact that it constrains the impact
by simulating the breakup of a family parent body using dif- energy needed to achieve a given degree of disruption, the
ferent models of its internal structure, we can define which internal structure of the parent body also has important con-
among these models provides the best match to the real famsequences on the outcome properties of the collision.
ily. In particular, we will show for the first time that the We also built a model of a pre-shattered parent body in
disruption of a pre-shattered Koronis parent body can ex- which large fragments are preferentially distributed near the
plain the provenance of its four largest similar-sized family center and smaller fragments are generated close to the sur-
members, whereas disruption of a monolithic parent body face. We performed some simulations using this model but
cannot. The actual presence of these members in the reathe collisional outcomes did not show any major qualitative
family was previously a matter of debate requiring alterna- difference compared to those obtained from the first model.
tive formation scenarios (see Section 5). At our current level of capability, and considering only qual-
As we have done in the particular case of the Karin fam- itative differences, we believe that slight changes to the dis-
ily (Michel et al., 2003), we study here two types of parent tribution of internal fragments within the target do not give
bodies differing only by their internal structure, either mono- rise to any relevant differences in the outcome. In this pa-
lithic or pre-shattered. Monolithic parent bodies have an in- per, we limit ourselves to using the model generated from a
ternal structure characterized by a Weibull distribution of uniform distribution of seeds.
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Note that the rubble pile model used to simulate the mass of the parent body, whose diameter is estimated to
Karin family formation event in Michel et al. (2003) was have been 284 km (Tanga et al., 1999). This body was rep-
constructed differently. In that case, spheres whose sizes fol-resented by % 10° SPH particles. The bulk density was
lowed a specified power law distribution were distributed at set to 2.7 gcm?® for the monolithic parent body. The pre-
random inside the parent body. Particles not belonging to ashattered model contained 50 fragments, a fraction of dam-
sphere were removed to create void space and particles ahged mass at the interfaces equal to 0.17, and a void fraction
the interface of two or more spheres were assigned to frac-of 0.075, which results in a somewhat lower bulk density of
tures. The fragment characteristics (size and speed) obtaine@.5 g/cm?. The mass fraction in the smallest initial fragment
with this model are compared to the one obtained using theturned out to be & x 10~3 and that in the largest fragment
pre-shattered model described above in Michel et al. (2003).3.2 x 10~2.

Some outcome properties obtained with this model are also  In order to test the sensitivity of the outcome to the impact
reported here in the different tables. It is shown that both geometry, we considered a projectile, also pre-shattered, im-
lead to very similar results. pacting either “head-on” or with an angle of incidence of
45°. Note that for a specified mass of the largest remnant,
the projectile’s size depends on the impact geometry, be-
3. Numerical method cause for a given impact energy, a “head-on” impact is more
disruptive than a grazing one. For both kinds of parent bod-

We refer the reader to Michel et al. (2001, 2002) for a de- ies, we computed the fragmentation phase using the SPH
tailed description of the numerical method used to perform hydrocode and found that in all cases the target was totally
our simulations. Here we just recall that the fragmentation pulverized down to the resolution limit, which corresponds
phase is computed using a 3D SPH hydrocode (Benz and As-+o a fragment radius of 2.38 km. We then computed the grav-
phaug, 1995, 1999) assuming basalt bodies and the Tillotsonitational phase using the parallal-body codepkdgr av
equation of state (Tillotson, 1962). Comparison calculations over 11 days of simulated time.
using the ANEOS equation of state (Thompson and Lauson, Tables 1 and 2 summarize the results obtained for the
1972) have shown that for collisions that do not include sig- largest remnant’s mass and speed, respectively. The mean
nificant phase transitions, the details of the equation of stateejection speed of fragments larger than the resolution limit
do not matter much. (i.e., those that underwent at least one re-accumulation) is

The gravitational phase is then computed using the paral-also indicated. From Table 1, it can be seen that roughly
lel N-body codepkdgr av (Richardson et al., 2000). This  equivalent largest remnants are obtained even though a sig-
code detects and treats collisions and mergers between pamificantly lower impact energy was necessary in the case of
ticles on the basis of different options that were investigated a pre-shattered parent body. In other words, all other things
by Michel et al. (2002) for monolithic parent bodies. Here being equal, pre-shattered bodies are easier to disrupt than
we use the most realistic treatment in which a criterion based
on relative speed and angular momentum is applied: frag- ;e 1
ments are allowed to merge only if their relative speed is symmary of simulation parameters
smaller than their mutual escape speed and the resulting SPIEmily 0 0) Rp (km) 0 99) M/ Moy
of the merged fragment is smaller than the threshold value

; . . Eunomia M 0 2890 105 x 10° 0.67
for rotational f|s§|on. Whenl two partlcles.merge, they are Eunomia S 0 250 906 x 108 072
replaced by a single spherical particle with the same mo- ;o miam 45 3800 239 % 10° 066
mentum. Non-merging collisions are modeled as bouncesgnomia s 45 380 168 x 10° 0.70
between hard spheres whosg ppst—f:olhsmn vglocmeg are de—Karin M 0 135 157 108 052
termmed by the amqunt of d|§S|pa§|on occ.urrlng'durmg the wanins 0 103 697 x 107 047
collisions. The latter is determined in our simulations by the karin m 45 165 287 x 108 0.50
coefficients of restitution in the tangential and normal direc- Karin S 45 121 113x 108 051
tions of the velocity vectors relative to the point of contact Karin R 45 150 216 x 108 0.49
(see Richardson, 1994, for details). The values of these co-xonis m 0 1550 215 x 10° 0.08
efficients are poorly constrained; we chose to set them bothkeronis s 0 1075 717 x 108 0.05
arbitrarily equal to (b (see also Michel et al., 2002). Koronis M 45 1870 377x 10° 0.05
Koronis S 45 130 155x 10° 0.07
M and S refer to either a monolithic parent body or a pre-shattered par-
4. The Eunomia family ent body, respectively. The projectile’s angle of incidencé.i&esults of

simulations by Michel et al. (2003) for the Karin family are also included

. . . . here; the label R indicates a rubble-pile parent body (see the last paragraph
We use the Eunomia famlly formation event as a typi- of Section 2). Impact conditions are defined by the specific impact energy

cal example of the breakup of a large object in the barely o _ (projectile kinetic energy (target mass which involves the projec-
disruptive impact regime. The largest member of the ob- tile’s radiusRp. Mi,/Mpy is the resulting mass ratio of the largest remnant

served family contains approximately 70% of the original to the parent body.
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Table 2 Table 3
Properties of fragment ejection speeds Computed mass ratios showing the differences between the fragment
Family o) Vir W) Vined Vinax e masses obtained from the disruption of different parent body models
: 5
Eunomia M 0 1 120 92 854 0.211  Family 6 (°) Mir/Mpp Do Mi /My
Eunomia S 0 22 210 186 918 0.258  Eunomia M 0 067 0015
Eunomia M 45 44 128 92 1724 0.200 Eunomia S 0 2 0038
Eunomia S 45 33 194 170 998 0.229  EunomiaM 45 %66 0003
Karin M 0 6 18 10 362 0172  FEunomiaS 45 ao 0038
Karin S 0 4 14 11 143 0.163 Karin M 0 052 00007
Karin M 45 9 19 14 157 0.173 Karin S 0 047 01261
Karin S 45 4 15 12 283 0.171 Karin M 45 050 00100
Karin R 45 5 14 12 202 0.165 Karin S 45 051 00507
Koronis M 0o 31 82 42 789 0206 KarinR 45 049 0470
Koronis S 0 23 118 101 792 0.283  Koronis M 0 08 0114
Koronis M 45 80 105 90 1396 0.228 Koronis S 0 005 2518
Koronis S 45 39 119 100 823 0.252 Koronis M 45 005 0308
Family labels are the same as in Table 1. Speeds are giverisnVip is Koronis S 45 @7 2699

the largest remnant ejection speedl) is the average speed of fragments
which underwent at least one reaccumulation event, whjleq and Vmax
are, respectively, their median and maximum speeds. The parafigtés
the so-calledanelasticity parameter. Here we define it by the ratio of the

sum of the kinetic energy of all fragments, including the smallest ones, to more Iarge fragments through gravitational re-accumulation,
the projectile’s kinetic energy (see Section 6.3 for a discussion). so that the distribution as a whole appears quite continu-
ous. On the other hand, the break-up of a monolithic parent
monolithic ones. A similar conclusion was already reached body also produces a fairly large number of re-accumulated
by Michel et al. (2003) in their studies of the Karin family, fragments, but the outcome is characterized by a very large
which took place in an intermediate impact energy regime. fragment followed by many much smaller aggregates. This
The size distributions of fragments from a monolithic characteristic does not depend much on the impact geom-
and a pre-shattered parent body together with the real fam-etry (angle of incidence of the projectile) nor, as we shall
ily members are presented in Figs. 1 and 2. Clearly, the see later, on the impact energy. Quantitatively, this can also
two different internal structure models lead to quite differ- be seen in Table 3, where the total mass contained in the
ent fragment distributions, the pre-shattered target being insecond- to fifth-largest fragments normalized to the mass
better agreement with observations, as far as the number obf the largest remnant is compared between the two cases
large fragments is concerned. More precisely, the disrup- (see also Section 6 for a more detailed discussion). Consid-
tion of such a parent body leads to the formation of many ering smaller real family members, their size distribution lies

Zf—’:z M; = Mo + M3+ M4+ Ms is the sum of the masses of the second-
to fifth-largest fragments.
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Fig. 1. Cumulative diameter distributions in log-log plots for the fragments of the simulated Eunomia families obtained with a projectile ‘tuizdiran.”
Different symbols are used to distinguish between different parent body models. The plot on the left also shows the real members (Tanga et @k, 1999) wh
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 incidexgeal to 45.

between the ones produced by both models. Assuming thatOn the other hand, rarefaction waves which actually induce
the Eunomia family was produced at least a few hundredsfracture inside the parent body cannot cross cracks since
millions years ago, collisional erosion might still explain, these are completely damaged regions. Hence, momentum
qualitatively at least, the observed size distribution originat- can be imparted to fragments without having to wait until
ing from the one produced by a pre-shattered parent body,the rarefaction wave has induced total failure.
whereas it is more difficult to explain it originating from the This correlation between internal structure of the parent
other model. Therefore, the size distribution of fragments body and mean speed of fragments, while existing in the Eu-
from a pre-shattered target, taken as a whole, appears mor@omia and Koronis families (see below), seems absent in the
consistant with the actual family, accounting for its possible Karin family. We explain this by the fact that in the latter
collisional history. case the parent body is much smaller and hence requires less
It is interesting to note that the two large well-known specific energy to disrupt. Since the impact speed has been
interlopers (Lazzaro et al., 2001) in the real family can be fixed at 5 kny's, this translates into a proportionally smaller
clearly identified from a comparison between the simulated projectile. As shown by Benz and Asphaug (1999), the effi-
and real family size distribution (see Figs. 1 and 2). This ciency of momentum transfer is directly related to the ratio
opens the possibility of using numerical simulations of fam- between projectile and target radius. This effect results in
ily formation to help select good candidates for spectral ob- our case in very small ejection speeds which do not allow us
servations in order to check from their taxonomic type if they to distinguish between internal structure models.
are actual family members. Another way to analyze the difference in speeds is to
The internal structure of the parent body also influences, make a plot of fragment size as a function of ejection speed.
although less dramatically, the fragments’ ejection speeds.Figures 3 and 4 show these plots for both parent bodies in
While a pre-shattered body does not necessarily yield thethe case of a 45impact. It is apparent that in a given size
highest ejection speed, it systematically leads to higher meanrange, ejection speeds of fragments are generally higher for
and median speeds (see Table 2). This suggests that the cokhe pre-shattered parent body. These higher ejection speeds
lisional process in a pre-shattered parent body is more effi- are an important property that seems to be systematic, as we
cientin transferring kinetic energy to fragments. A priori, we will see in the next case.
might expect that the presence of damaged zones in a parent
body decreases the efficiency of the shock wave propagation
and thus enhances dissipative effects. In reality, the opposites. The Koronisfamily
happens. We explain this somewhat surprising result by the
fact that in our model of pre-shattered targets thereis noreal The highly catastrophic regime is illustrated by the for-
discontinuity or impedance mismatch for the shock wave be- mation of the Koronis family. Its largest remnant contains

tween fragments and cracks, since: ~ 5% of the estimated parent body mass (Tanga et al., 1999).
The parent body, 120 km in diameter, was represented by
(i) both are modeled with the same material; and 2 x 10° SPH particles. The bulk density was set to 2/@rg°

(ii) void space is small. for the monolithic parent body. The pre-shattered model con-
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parent body simulation using a projectile impacting with an angle of inci-
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Fig. 4. Same as Fig. 3 but for a pre-shattered Eunomia parent body.

As for Eunomia, we find that the fragmentation phase
leads to a total pulverization of both kinds of parent body
down to the resolution limit, which corresponds to a frag-
ment radius of 1 km. The gravitational phase computed with
the N-body code over 23 days of simulated time led to many
re-accumulation events, giving rise to two different fragment
size distributions (see Fig. 5). Again, the one obtained using
a pre-shattered parent body contains a much greater number
of large fragments.

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

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

In Fig. 5 we also compare the overall size distribution of
family members obtained in our simulations to the real fam-
ily down to the completeness limit. It is apparent that while
in the pre-shattered case the largest fragments show an ex-
cellent agreement, the simulated distributions are systemat-
ically shallower at smaller sizes. Since collisional evolution
cannot steepen such a distribution, we have no good explana-
tion for this difference except to note that no particular effort
was made to match in detail this distribution. We used only
the largest fragment to determine the collision parameters.

tained 50 fragments, a fraction of damaged mass at the in-We cannot exclude that shape or rotation could also affect
terfaces equal to 0.17, and a void fraction of 0.075, which the slope of the size distribution.

results in a somewhat lower bulk density of 2.5cgr.

As we did for the Karin family (Michel et al., 2003),

The mass fraction in the smallest fragment turned out to be we converted the ejection velocities of the fragments of the

5.6 x 10~ and that in the largest fragmen23< 10~2. The

projectile was also pre-shattered.

Koronis family from our simulations into orbital elements
using Gauss’ formulae and compared their spreading with
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Fig. 5. Cumulative diameter distributions in log-log plots for the fragments of the simulated Koronis families. The plot on the left was obtaiaed with
projectile colliding “head-on,” whereas an impact with an angle of incideéhegual to 48 gave rise to that on the right. Different symbols are used to

distinguish between parent body models. The plots also show the estimated sizes of the actual members down to the completeness limit (Ta®ja et al., 199
Note that the simulations using a pre-shattered target reproduce the four nearly identical largest members.

that of real family members in proper element space. Fig- distribution, the location inside the parent body of the ma-
ures 6 and 7 show the results for the monolithic and the pre-terial forming the largest gravitationally re-accumulated ag-
shattered parent bodies. Our arbitrary choice of values for gregates, the efficiency with which the projectile’s kinetic
the orbital semimajor axis and inclination of the projectile energy is distributed among the family members, and the
(the eccentricity being derived from the Tisserand constant) characteristics of the numerous satellites formed.

as well as the true anomaly and argument of perihelion of

the parent body at the instant of impact, are indicated on 6.1. Number of large fragments

the plots. It is evident that the spreading of the family mem-

bers obtained from a pre-shattered target is in much better  As we have already noted, the most striking difference
agreement with observations. However, one characteristic ofin collisional outcomes is related to the fragment size dis-
the real members that is not reproduced with either model is ripytion, which is systematically much more continuous
the shape of the eccentricity distribution at large semimajor- when a pre-shattered parent body is considered. To quan-
axis. Different choices of free parameters (e.g., true anomaly iy this property, we have computed, for each case, the ratio
of the parent body) can change the shape but not suf'ficientIyZ?:2 M; /My, of the mass contained in the second&) to

to reproduce the observed eccentricity distribution. How- fifth- (M5) largest fragments to that of the largest onfy .
ever, dynamical diffusion due to efficient high-order reso- aAs can be seen in Table 3, this ratio, which is independent

nances has been shown to be gble to accountfor such a shapgy the size of the parent body, appears systematically much
(Bottke et al., 2001). Interestingly, fragments from a pre- hjgher for a pre-shattered parent body, with a trend toward a

shattered parent body show a spread in semimajor axis simi-systematic increase of its value with the degree of disruption
lar to the one of the real family. Hence, it is not necessary to (see Fig. 8).

invoke the Yarkovsky effect to explain the observed spread.  Assuming that our limited analysis is sufficiently gen-

However, the apparently non-random orientation of the spin era|, in a highly catastrophic regime (represented here by the
vectors of large Koronis family members (Vokrouhlicky et koronis family formation), Table 3 suggests that the parent
al., 2003) may still require that the family be old in order to  pody was monolithic if the mass ratfg>_, M; /My is in the

leave enough time for the thermal torques to align them. ~ 0.1 range. In the intermediate regime (represented by the

Karin family formation), values smaller than 0.01 would
imply such a structure for the parent body. Finally, in the
barely disruptive regime (represented by the Eunomia fam-

ily formation) this ratio must be smaller than0.02 for such
In this section, we discuss different collisional outcome a body.

characteristics and their dependence upon the internal struc- We can attempt to apply this criterion to other S-type
ture of the parent body. In particular, we look at the size asteroid families (recall that we used basalt bodies). For in-

6. Internal structure and outcome properties
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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 ofigHardiyon
(open bars) and the simulated family (filled bars) from the disruption of a monolithic parent body. For the latter, the orbital elements are comGaedsi
equations, assuming a main-belt-like orbit of the projectile (its semimajoraaial inclinationi are indicated at the bottom of the plot; its eccentricity can
be derived from the formula for the Tisserand constant). The values of the parent body’s true anomaly af iamubits sum with the argument of perihelion
o+ f are assumed to be equal to, respectively, &d 125. The histograms are individually normalized to the number of objects in the most populated bin.
(Right) Distributions in the eccentricity vs. semimajor axis plane (top) and in the sine of inclination vs. semimajor axis plane (bottom) of th@lbess m
and of the simulated family.

stance, the Maria family, whose parent body diameter is es-body of the particles that end up forming these aggregates.
timated at 130 km and whose mass ralp/ Mpy, is equal to If re-accumulation is a random process, we expect the parti-
0.05 (Tanga et al., 1999), has a ra@iz M; /M), equal to cles of a given large fragment to originate from uncorrelated
2.9, indicating a pre-shattered parent body. The same holdsregions within the parent body. Conversely, if the initial ve-
true for the Eos family, for which this ratio is equal tall locity field imposed by the fragmentation process determines
with a parent body 218 km in diameter, ab} / Mpp = 0.11 the re-accumulation phase, the particles belonging to the
(Tangaetal., 1999). Finally, this exercise applied to the Flora same fragment should originate from well defined areas in-
family gives a value of 3 for a parent body diameter equal  side the parent body. In addition, the position and extent of
to 164 km andMi/Mpp = 0.57 (Tanga et al., 1999). Thus, these regions will provide indications about the mixing oc-
our simple criterion, if true, indicates that all these families curring as a result of the re-accumulation process.

have originated from pre-shattered asteroids. This is con- |n Fig. 9 we traced the particles belonging to the three
sistent with the idea that large asteroids get battered overlargest fragments of the Koronis family (@%mpact) back
time by small impacts before undergoing a dispersal/family- to their original positions inside the parent body. In such a

forming event. highly catastrophic event, the re-accumulation process lasts
up to several days, much longer than for a barely disrup-

6.2. Initial positions of particles forming the largest tive event, and gives rise to many gravitational encounters.

fragments Therefore, this kind of event may well lose the memory

of the initial velocity field. Nevertheless, even in this case,
It is interesting to trace back, at least for some of the particles are found to originate from well clustered regions
largest fragments, the original positions within the parent within the parent body, indicating that re-accumulation is



428 P Michel et al. / Icarus 168 (2004) 420-432

x Real members * Simulation

Koronis (Shattered) w4+ f=125° f = 80°
T T T T T * | T T

T T 0.1 T T T
: ]
a 0.08 —
L 5%
© L . X, X% x >;" x |

x o 0

0.06 - n oo
. x Xx);( x Xty % Pl
| B b vl o ]
_,.Ww o
e 0.04 — % »x,x%;gm L =
] I P S

4 o b LS ]
] 2.85 2.9 2.95

o = a (AU)
E w + f = 125° f = 80°

__ T T T T | T T T T | T T T T |
: 0.045 - * -
) n et F Y x B
0.04 0.06 0.08 0.1 F .

0.035  0.04 0.045 285 29 295

a (AU)
=5km/s; 6§ = 45% a = 3.2 AU; i = 5% a = 50°

Projectile: R = 13.9 km; V,

Fig. 7. Same as Fig. 6 for the disruption of a pre-shattered parent body.

definitely not a random process. Interestingly, the position =~ Computingfke from all the fragments down to the reso-
of the cluster depends greatly on the internal properties of lution limit of a single particle, we find in all cases a value of
the parent body. The largest remnant of our pre-shatteredorder 0.1 regardless of structure or geometry (Table 2). This
model involves particles that were initially located between clearly indicates thafke is not a good indicator of internal
the core and the region antipodal to the impact point. Con- structure.
versely, in the monolithic parent body, those particles were It is important to realize that determining the actual value
initially much more clustered in the core region, with no of fke may actually be tricky since, while independent of in-
particles originating from the antipode. This difference also ternal structure when considering all fragments, it is a strong
holds true for the next largest fragments. function of target structure if only a subset of fragments is
In summary, our results indicate that the velocity field considered. To illustrate this point, we plot in Fig. 10 the
arising from fragmentation has a major influence on the re- value of fkg obtained as a function of fractional mass start-
accumulation process. Particles that eventually belong to aing with the largest fragments for both models of the Koronis
given fragment originate from the same region inside the parent body. Strikingly,fke varies in both cases by more
parent body. However, this location (as well as its extent, than two orders of magnitude. Using only the large fragment
which determines the degree of mixing of the fragments) end of the distribution yields values of ordef01 regardless
depends also on the parent body’s internal properties in aof the structure model, while using all fragments yields val-
complex way. Since this may be particularly important for ues of order . However, with intermediate amounts of the
differentiated bodies, we plan to investigate this in more de- fractional mass, we obtaifke values that depend strongly

tail in future studies. upon initial structure. For example, at 50% fractional mass,
fke = 0.1 in the case of a monolithic target whilge =
6.3. Kinetic energy partitioning fke and ejection speeds 0.01 in the case of a pre-shattered target. This is because

fke values computed for a given fractional mass involve
We can use our simulations to investigate the meaning of many more smaller fragments (which tend to have higher
the parameterke, defined in the literature as the fraction speeds) in the monolithic case than in the pre-shattered case.
of the projectile kinetic energy that is transferred to all the Thus, a higherfke value does not imply that fragments of
fragments. a given mass have higher speeds, but simply that more ki-
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netic energy has been given to the material used to computdarge fragments in the pre-shattered case and to a larger num-

fke. Conversely, identical values gke imply thatthe same  ber of smaller fragments in the monolithic case.

amount of kinetic energy has been imparted to a number of  This implies, for example, thatke values determined
from laboratory experiments, in which the speeds of only a

— fraction of the fragments can be determined, are misleading

T T TT L N 'T” ]
5 Eonomia I and do not represent the true value fa when computed

10 Py over all the fragments. The same remark obviously applies
Koronisy, &% Samd to asteroid families for which only members above the de-
L Eos ggiﬁﬁ g."ll' ] tection threshold are used in the computatioryiaf.
= = ® KoronisMI 3 Power law relations between fragment masses and speeds
= F O Koronis SI -~ . . .. .
~ - ® Koronis Mil 1 are often used in the computation of the collisional evolution
= L R Flora O Koronis Sl of a population of small objects (see e.g., Davis et al., 2003).
;r TE Our simulations show no such simple relation but rather a
1, u Reunomia ] wide spread of ejection speeds for fragments of a given mass
= 0.01 B . | (see Figs. 3 and 4), even though a trend exists that smaller
\zi’ TUE fragments tend to have larger ejection speeds.
A
0.001 . i 6.4. Formation of asteroid satellites
g . E
1 Table 4 indicates the number of satellites orbiting the
00001 il , L , largest remnant at the end of each simulation. As Michel
0.1 1 et al. (2001, 2002) already found, a great number of largest-
M,/M,, remnant satellites are generally produced during a collisional

disruption in all impact energy regimes. This process is in-
Fig. 8. Plot of the ratio of the sum of the mass of the second- to fifth-largest vestigated in detail in the case of monolithic parent bodies
fragments o, M3, My, Ms) over My vs. M|/ Mpp, obtained from the .
different simulations of the Eunomia, Karin, ang Koronis family forma- py Durda et al. (2003)' We fl,nd that, the nu,mber of satel-
tions. Family labels are identical to the ones used in the tables. Filled and lit€S produced does not provide a diagnostic of the parent
open symbols are used for monolithic (M) and pre-shattered (S) parent bod- body internal structure, since both kinds of parent bodies
ies, respectively. Polygons with an even or odd number of sides correspond(monolithic and pre-shattered) give rise to a large number of
to impact with a projectile angle of incidence equal ®(@ or 45 (II), satellites whose characteristics are indistinguishable. Satel-
respectively. Outcomes obtained from pre-shattered parent bodies are sys].t t d d individual f t traiectori d
tematically well above those obtained from monolithic parent bodies in all .I € capture ?Pen sonin _IVI u,a ragmen rajec OFI(?S an
impact energy regimes. A straight line can be drawn which separates thelS @ Very sensitive process since interactions must avoid lead-

two models. Data from five observed families are also indicated. ing to collision or escape. Therefore, it is not so surprising

monolithic pre-shattered

Fig. 9. Initial location within the parent body ((left) monolithic; (right) pre-shattered) of the particles ending up forming the three largesttgagf the
Koronis family (4% impact angle) M|, is shown in green, and the secongif4) and third- (3) largest fragments are shown in yellow and in red, respectively.

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 images of

the particles eventually making up these three fragments: (1) inside the parent body (in blue) from A8tticiwals cut out and (2) without the remainder of
the parent body.
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Fig. 10. Two plots from the simulations of the Koronis family formation showing the valuegikef(anelasticity parameter) as a function of the fractional
mass used in its computation. Between crosses, fragments have identical mass. The impact angle was’ eandtiie Parent body was either monolithic
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Table 4

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

Family 0 (°) Nb total Nb total,Q < Ry Nb, R > Rnmin Nb, R > Rmin, O < Ry Mis/Mprim
Eunomia M 0 230.04 19(0.03 2(0.07) 2(0.07) 35x107°
Eunomia S 0 1810.45) 180(0.45) 19 (1.05) 19 (1.05) 13x 1074
Eunomia M 45 6280.93) 608 (0.90) 58 (2.42) 57 (2.38) 35x 1074
Eunomia S 45 2950.66) 292(0.66) 16 (0.83) 16 (0.83) 6.6 x 107°
Karin M 0 17(0.02) 13(0.01) 5(0.51) 5 (0.51) 15x 1074
Karin S 0 705(0.80) 681(0.77) 50(2.31) 50(2.31) 25x 1073
Karin M 45 486(0.46) 463(0.44) 36 (4.34) 35(4.22) 7.2x 1073
Karin S 45 2880.34) 276(0.32) 24 (1.04) 23(1.00) 1.7 x 1074
Karin R 45 345(0.61) 340(0.60) 9(1.68 9(1.68 32x1073
Koronis M 0 183(0.10) 175(0.09) 14 (0.62) 13(0.58) 12x 104
Koronis S 0 3860.37) 378(0.36) 12(0.69 12(0.69 1.2x10°3
Koronis M 45 505(0.27) 480(0.26) 45(1.03) 44(1.02) 7.4%x 1074
Koronis S 45 2850.26) 284(0.26) 8 (0.45) 8 (0.45) 53x 1074

0 is the impact angle. The fourth column indicates the total number of satellites with orbits entirely inside the Hill's radius of their primadyatoaate
heliocentric distance of.844 AU for Eunomia and .866 AU for Karin and Koronis. The corresponding percentage of the total number of fragments at
the same instant is indicated in parentheggss the maximum distance to the primary of the satellite along its orbit. In the columnsRwitiR i, only

objects with radius greater than the minimum valyg;, imposed by the resolution of our simulations have been considered. In this case, the corresponding
percentage of the total number of fragments which underwent at least one reaccumulation is indicated in parentheses. The last column give®tbe mass ra
the largest satellite to the primary.

that, due to the somewhat chaotic nature of the process, thet5° angle of incidence. Also, with monolithic parent bodies,
initial ejection velocity field does not tightly constrain the head-on impacts produce generally fewer largest-remnant
satellite capture efficiency, even though the internal structure satellites than 45impacts. With pre-shattered parent bod-
of the parent body does affect the global properties of the ies, the number of satellites generated from oblique impacts
ejection velocity field and hence the reaccumulation processis greater than for head-on impacts, but only for those satel-
and fragment properties. lites which underwent at least one reaccumulation. The ori-

We note that head-on impacts with a monolithic parent gin of these systematic differences is not obvious and would
body seem to generate a smaller number of largest-remnantequire a deeper analysis of satellite formation based on a
satellites than head-on impacts with a pre-shattered parengreater number of simulations, which is beyond the scope of
body. The opposite is found for projectiles impacting with a this paper.
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7. Conclusion potentially hazardous asteroids since mitigation strategies
aimed at deviating an object on its way to Earth will re-

This work represents another step in our understand-quire an accurate estimate of the impact energy needed to

ing of collisional processes involving asteroids. In Michel do so.

et al. (2002), we concluded that using a monolithic target

may not be realistic, since prior to a dispersing event, as-

teroids as large as family parent bodies are likely to have

already been battered by numerous previous small impacts’A‘CkaIedgments

(Asphaug et al., 1998). Here, we constructed different mod- . ] ]
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