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Abstract—In this paper, we present numerical simulations aimed at reproducing the Baptistina family
based on its properties estimated by observations. A previous study by Bottke et al. (2007) indicated
that this family is probably at the origin of the K/T impactor, is linked to the CM meteorites and was
produced by the disruption of a parent body 170 km in size due to the head-on impact of a projectile
60 km in size at 3 km s~!. This estimate was based on simulations of fragmentation of non-porous
materials, while the family was assumed to be of C taxonomic type, which is generally interpreted as
being formed from a porous body. Using both a model of fragmentation of non-porous materials, and
a model that we developed recently for porous ones, we performed numerical simulations of
disruptions aimed at reproducing this family and at analyzing the differences in the outcome between
those two models.

Our results show that a reasonable match to the estimated size distribution of the real family is
produced from the disruption of a porous parent body by the head-on impact of a projectile 54 km in
size at 3 km s~!. Thus, our simulations with a model consistent with the assumed dark type of the
family requires a smaller projectile than previously estimated, but the difference remains small
enough to not affect the proposed scenario of this family history.

We then find that the break-up of a porous body leads to different outcomes than the disruption
of a non-porous one. The real properties of the Baptistina family still contain large uncertainties,
and it remains possible that its formation did not involve the proposed impact conditions. However,
the simulations presented here already show some range of outcomes and once the real properties

are better constrained, it will be easy to check whether one of them provides a good match.

INTRODUCTION

Asteroids in the main belt are subjected to collisions that
sometimes lead to the formation of an asteroid family,
identified as a group of small bodies that share the same
spectral and orbital properties. More than 20 asteroid families
have now been discovered, and each is believed to be the
outcome of the catastrophic breakup of a large parent body as
aresult of a collision with a smaller projectile. The collisional
process is still poorly understood and while impact
experiments in laboratories can allow us to improve our
understanding at small scales, asteroid families are the best
tool that Nature offers us to study it at large scales. In recent
years, we have been able to reproduce successfully by
numerical simulations of the large-scale collisional process
some of the main asteroid families belonging to the S
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taxonomic type (Michel et al. 2001, 2002, 2003, 2004a,
2004b). Using a 3D SPH hydrocode that includes a model of
fragmentation of brittle non-porous material (Benz and
Asphaug 1994) and a gravitational N-body code to compute
the gravitational interaction of the generated fragments, we
found that most of the family members are the product of the
gravitational reaccumulation of smaller fragments resulting
from the target disruption. Thus, these simulations suggest
that large family members should not be monolithic but rather
consist of gravitational aggregates or so-called rubble piles.
Simulations using the same method were then performed by
Durda et al. (2004) who investigated the efficiency of satellite
formation during catastrophic disruptions, and then later
(Durda et al. 2007) characterized the size frequency
distributions of fragments over a wide range of impact
conditions. Nesvorny et al. (2006) applied also the same
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method to revisit the formation of the Karin family on the
basis of an updated identification of the real members. Finally
Leinhardt and Stewart (2009) developed another hybrid
method (using the hydrocode called CTH instead of a 3D SPH
one) to study other collisional phenomena such as the
collision outcomes of primordial outer Solar System bodies.

However, so far, models of fragmentation did not include
microporosity effects and therefore were adapted to non-
porous brittle material. Consequently, they were only adapted
to the study of the formation of families of bright taxonomic
type (e.g., S-type), which are believed to be formed by the
disruption of a non-porous parent body (a definition of porous
versus non-porous will be given later). The low bulk densities
measured for dark-type (e.g., C) asteroids, typically about
1.3 g/em? (e.g., the asteroid Mathilde whose density was
estimated by the NEAR mission; Yeomans et al. 1997)
suggest that bodies of these types contain a large fraction of
porosity (see also Britt and Consolmagno 2000). To
investigate the formation of a dark-type (e.g. C, D) asteroid
family, which involves the disruption of a porous parent body,
it is necessary to account for the crushing of pores in the
fragmentation phase and therefore another model, adapted to
porous materials, is required to simulate this process.

While porosity at large scales can be modeled explicitly
by introducing macroscopic voids, porosity on a scale much
smaller than the numerical resolution has to be modeled
through a different approach. The P-alpha model originally
proposed by Herrmann (1969) and later modified by Carroll
and Holt (1972) has been developed to provide a description
of microscopic porosity with pore sizes beneath the spatial
resolution of the numerical scheme (sub-resolution porosity)
and smaller than the thickness of the shock front. Other
models have also been developed, such as the one proposed
by Sirono (2004) who studied low-velocity collisions
between porous aggregates and Wiinneman et al. (2006) who
studied crater formation. We have recently developed a model
for porous material based on the P-alpha one (Jutzi et al.
2008). For a greater reliability, we performed a validation at
laboratory scale by comparison to impact experiments on
porous pumice (Jutzi et al. 2009). Thus, we are now ready to
apply our method at large scales.

A validation of our model for porous bodies at asteroid
scale should consist of reproducing a well-identified dark-
type family, as we did for S-type ones (e.g., Michel et al.
2001). However, before doing so in future work, we
concentrate on a family whose identification and spectral type
may still be subjected to revision, and which may be at the
origin of the K/T impactor (Bottke et al. 2007) and CM
meteorites. The fact that the taxomic type of this family,
called Baptistina, is not yet firmly established, despite the
assumption by Bottke et al. (2007) that it is a C-type one,
makes it also interesting because our numerical simulations of
disruption using different internal models of the parent body
can provide some constraints. Indeed, we can consider
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different possibilities to model the parent body of this family,
in particular a porous and a non-porous one, and test the
sensitivity of the outcome on these models. Ideally, we can
also determine which model best matches the observational
estimate of the family properties. Ideally, we should use a
wide range of possible internal structures of the parent body
(i.e., monolithic, rubble pile, more or less porous) to perform
the simulations, but for a a first application of our model of
fragmentation of porous material at asteroid scales, we
choose to put more effort on the use of this model in this
paper, given also the large CPU time required to perform
simulations.

In the following, we first summarize the properties
currently estimated for the real Baptistina family. Then, we
describe our method and simulations of the formation of this
family starting from either a non-porous or a porous parent
body. A discussion based on these results is then presented,
followed by conclusions and perspectives.

THE BAPTISTINA FAMILY:
ESTIMATED PROPERTIES FROM OBSERVATIONS

The Baptistina family is of particular interest as it was
found by Bottke et al. (2007) to be a likely origin of the
impactor that produced the Cretaceous/Tertiary (K/T) mass
extinction event 65 Myr ago. The authors estimated that the
formation of the family occurred 160 Myr ago and involved a
parent body of 170 km in diameter. They also characterized
this family as a C-type one, suggesting that the parent body
was probably porous (see the Numerical Simulations of the
Baptistina Family Formation section for a definition of
porosity) and that the family is connected to the CM
meteorites.

To characterize the size distribution of the real family
members, Bottke et al. (2007) converted their absolute
magnitude to diameter by assuming an albedo of 0.04, and
then considered only objects with semi-major axis greater
than 2.2638 AU. Then, they doubled this population, except
the largest member (298) Baptistina (see Bottke et al. (2007)
for more detailed explanations and justifications). In the
following, for comparison, their estimated size distribution
will be represented on each plot showing the outcome of our
simulations. Note that the authors provided a best fit of this
size distribution from a suite of simulations of disruptions of
100 km size non-porous (basalt) asteroids. The result of each
simulation was scaled and compared to the family size
distribution to estimate the true size of the parent body. Then,
their best-fit run indicated that the Baptistina family was
created by the head-on impact of a 60 km projectile at
3 km s!. The authors noted that there is a mismatch between
the largest remnant of the best-fit size distribution and the
family one, as they differ in diameter by a factor 1.6, but they
decided that this was not an issue as these objects comprise
less than 1% of the parent body’s total mass. Therefore, in the
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following, we will consider satisfying the results of our
simulations which also produce a largest remnant whose
diameter differ from the estimated real one by a same factor.

There are still some uncertainties in the identification and
spectra of the Baptistina family, despite the investigations by
Bottke et al. (2007). Indeed, it was first found (Mothé-Diniz
et al. 2005) that a few members of the family had a bright
taxonomic type (e.g., S, V, A), but Bottke et al. (2007)
claimed that these objects are interlopers that do not actually
belong to the family. Other asteroids, i.e., (298) Baptistina
and (2093) Genichesk, do belong to the family and their
spectral types were characterized as Xc and C, respectively.
Then, discussing the biases of the different surveys, e.g.
SMASSII (Bus et al. 2002) and SDSS (Ivezic et al. 2001),
which affect the discovery efficiency of different taxonomic
types, Bottke et al. (2007) concluded that the Baptistina
family should be considered as a C-complex family. The
reason why the spectral properties of family members appear
to range from C-types to Xc-types remains unclear, and the
authors suggested that it could be due to the original location
of the fragments in the interior of the parent body, which is
likely to have experienced degrees of heating and aqueous
alteration at depth. Despite this range of types, according to
this study and for our purpose, this family should be
considered as a dark type one, justifying the choice of a
porous parent body to start with. Note however that Bottke
et al. (2007) used the outcomes of simulations of a non-
porous parent body breakup to compare with the real family,
as no model of fragmentation of porous material was included
in their numerical code of fragmentation. As we will see, the
conclusions of their work may not suffer much from this
inconsistency.

However, this is not the end of the story. The albedo of
the largest member of the family, the asteroid Baptistina
itself, is not known yet and thus both its size and spectral
type may be revised in the future. Since the assumed albedo
used to estimate the current size of the asteroid was in the
low range (to be consistent with a dark classification), if the
real albedo value is higher, then this asteroid would
actually be smaller than currently estimated, and this
would have interesting consequences for some results of our
investigations, as we will see later. Moreover, Reddy et al.
(2008) found that the asteroid Baptistina may actually be of
S-type, instead of C-type, based on its visible spectrum,
which shows a hint of a weak 0.9 um feature, indicative of a
S-type classification. They then provided an estimate of the
albedo, about 0.14, which is much higher than the one
associated to C-types, but they also recognized that it might
not be reliable as there was some scatter in the data because
of poor weather conditions. Nevertheless, these recent
observations re-open the debate about the homogeneity of
this family and its characterization as a C-type one. As for
the possibility that there is a mixture of types in the family
members, we will use the argument by Bottke et al. (2007)
that it may be due to the location of the fragments within the
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parent body, and will consider it as a second-order effect
with respect to the global property of the family (dark versus
bright type). Then, in the next section, to account for the
uncertainty in the classification of the family as a bright or
dark type, we will consider two different kinds of parent
bodies, a non-porous one to represent a bright type object,
and a porous one to represent a dark type one. Being
interested in determining the difference in the outcome from
two well-defined models implying two different
fragmentation processes, we do not consider in this paper
the possibility that the parent body was a mixture of the two,
which would add complexity and free parameters.

NUMERICAL SIMULATIONS OF THE BAPTISTINA
FAMILY FORMATION

In order to perform simulations of the Baptistina family
formation, we use a method and numerical codes based on the
ones that have already allowed us to simulate successfully the
formation of major bright-type asteroid families in different
impact energy regimes (Michel et al. 2001, 2002, 2003,
2004a, 2004b). More precisely, our method consists of
dividing the process in two phases: a fragmentation phase
computed by a 3D SPH hydrocode (Benz and Asphaug 1994;
Jutzi et al. 2008), and a gravitational phase computed by the
gravitational N-body code pkdgrav (Richardson et al. 2000)
during which fragments can interact with each other due to
their mutual gravity and collisions. Our hydrocode was
originally limited to addressing the fragmentation of brittle
non-porous materials. While this is appropriate for modeling
the formation of asteroid families of S taxonomic type, which
are believed to result from the disruption of a non-porous
parent body, this model is not adapted for addressing the
formation of asteroid families produced by porous parent
bodies, such as those of dark taxonomic type (e.g., C, D). For
this, a model of fragmentation of porous bodies (which
accounts for the crushing of pores in addition to the damage
caused by the activation of cracks) is required and such a
model has been developed and tested recently at laboratory
scale (Jutzi et al. 2008, 2009). In the following we give a short
overview of our method and codes, and then present our
simulations.

Numerical Models of Fragmentation

Classical Model of Brittle Failure

To compute the fragmentation phase of the collision, we
use a smoothed particle hydrodynamics (SPH) code. The
standard gas dynamics SPH approach was extended by Benz
and Asphaug (1994, 1995) to include an elastic-perfectly
plastic material description (see e.g., Libersky and Petschek
1991) and a model of brittle failure based on the one of Grady
and Kipp (1980). The so-called Tillotson equation of state for
basalt (Tillotson 1962) is used to relate the pressure to density
and internal energy. Material properties are also considered to
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be those of basalt, as they permit validation of the numerical
model at laboratory scale (Benz and Asphaugh 1994) by
comparison with impact experiments on basalt targets by
Nakamura and Fujiwara (1991). We refer the reader to the
paper by Benz and Asphaug (1994) for a detailed description
of this code.

Model Including Porosity

Recently, our SPH impact code has been extended to
include a model adapted for porous materials (Jutzi et al.
2008, 2009). Before presenting its main principles, we first
define what is meant here by porosity. The scale of porosity
must be defined in comparison with the other relevant
dimensions involved in the problem, such as the size of the
projectile and/or crater, etc. In particular, we define
microscopic porosity as a type of porosity characterized by
pores sufficiently small that their distribution can be assumed
uniform and isotropic over these relevant scales. In particular,
the sizes of the pores are in this case smaller than the
thickness of the shock front. In this paper, a porous parent
body is considered to contain such microporosity.
Macroscopic porosity on the other hand is characterized by
pores with sizes such that the medium can no longer be
assumed to have homogeneous and isotropic characteristics
over the scales of interest. In this case, pores have to be
modeled explicitly and the hydrocode as described
previously, which includes a model of non-porous brittle
solids, can still be used. The presence of these large
macroscopic voids will only affect the transfer efficiency and
the geometry of the shock wave resulting from the impact,
which can be computed using the existing code. This was
done by Michel et al. (2003, 2004) to model the disruption of
pre-shattered parent bodies of S-type families. We will not
consider this kind of model in this paper. On the other hand, a
body containing microporosity may be crushable: cratering
on a microporous asteroid might be an event involving
compaction rather than ejection (Housen et al. 1999). Thus, in
an impact into a microporous material, a part of the kinetic
energy is dissipated by compaction, which can lead to less
ejection and lower speeds of the ejected material. These
effects cannot be reproduced if hydrocodes developed for the
modeling of non-porous solids are used, even using the same
bulk density for the object. Therefore, a model is needed that
takes pore compaction into account.

Our model is based on the so-called P-alpha model
initially proposed by Herrmann (1969) and later modified by
Carroll and Holt (1972). A detailed description of the model
and its implementation in our SPH hydrocode can be found in
Jutzi et al. (2008).

The original idea at the origin of the P-alpha model is
based on the separation of the volume change in a porous
material into two parts: the pore collapse on one hand and the
compression of the material composing the matrix on the
other hand. This separation can be achieved by introducing
the so-called distention parameter a defined as o = py/p,
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where p is the density of the porous material and p; is the
density of the corresponding solid (matrix) material.
Distention can be converted to porosity using the relation
(1-1/o).

The distention parameter o is then used in the
computation of the pressure and the deviatoric stress tensor.
Damage then increases as a result of both crack activation and
change in the distension. As material parameters, we use the
ones involved in our successful validation of the model by
comparison with laboratory impact experiments on porous
pumice (Jutzi et al. 2009).

Numerical Model of the Gravitational Phase

Once the collision is over and fracture ceases, the
hydrodynamical simulations are stopped and intact fragments
(if any) are identified. These fragments as well as single
particles and their corresponding velocity distribution are fed
into an N-body code that computes the dynamical part of the
evolution of the system to late time. Note that since the total
mass is fixed, the extent of the reaccumulation is entirely
determined by the velocity field imposed by the collisional
physics upon the individual fragments.

Since we are dealing with a fairly large number of bodies
(typically a few hundreds of thousands) that we want to
follow over long periods of time, we use a parallel N-body
hierarchical tree code (e.g., Richardson et al. 2000) to
compute the dynamics. The tree component of the code
provides a convenient means of consolidating forces exerted
by distant particles, reducing the computational cost. The
parallel component divides the work evenly among available
processors, adjusting the load each timestep according to the
amount of work done in the previous force calculation. The
code uses a straightforward second-order leapfrog scheme for
the integration and computes gravity moments from tree cells
to hexadecapole order. Particles are considered to be finite-
sized hard spheres and collisions are identified each step
using a fast neighbor-search algorithm. The code then detects
and treats collisions and mergers between particles on the
basis of different options that were investigated by Michel
et al. (2002) for monolithic parent bodies. Here we use a
treatment in which a criterion based on relative speed and
angular momentum is applied: fragments are allowed to
merge only if their relative speed is smaller than their mutual
escape speed and the resulting spin of the merged fragment is
smaller than the threshold value for rotational fission. When
two particles merge, they are replaced by a single spherical
particle with the same momentum. Non-merging collisions
are modeled as bounces between hard spheres whose post-
collision velocities are determined by the amount of
dissipation occurring during the collisions. The latter is
determined in our simulations by the coefficients of
restitution in the tangential and normal directions of the
velocity vectors relative to the point of contact (see
Richardson 1994 for details). The values of these coefficients
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Table 1. Impact conditions and largest remnant mass for all the simulations presented in this paper. The bulk density of
both the projectile and targets p,, (set equal in all cases), the projectile’s radius R, the impact angle 0, the specific impact
energy O and the mass ratio of the largest remnant to the parent body M;,/M,,, obtained by our simulations are indicated.
The different label numbers of the models of parent bodies discriminate between the different impact conditions

(projectile’s size and impact angle).

Model pip (g/cm?) R, (km) 0 (°) 0 (erg/g) M, /My,

Non-porous 1 2.7 30 0 1.98 x 10° 6.5%x1073
Non-porous 2 2.7 44 45 6.24 x 10° 6.7 x 1073
Porous 1 1.3 22.5 0 8.35 x 108 4.7%x 1072
Porous 2 1.3 23.5 0 9.50 x 108 1.3x1072
Porous 3 1.3 25 0 1.15x 10° 5.7x1073
Porous 4 1.3 27 0 1.44 x 10° 5.1x1073
Porous 5 1.3 30 0 1.98 x 10° 32x1073
Porous Ob 1.3 35 45 3.20 x 10° 22x1072

are poorly constrained. In the following, we choose to set the
normal coefficient of restitution to 0.3 in the porous case, and
to 0.5 in the non-porous one, and the tangential one to 1,
meaning there is no surface friction (see also Michel et al.
2002). Note that we made a simulation using the value of 0.5
for the normal coefficient of restitution in the porous case, and
found similar results as with the lower value. Michel et al.
(2002) made simulations using a non-porous parent body and
noted also that the outcomes were not sensitive to the adopted
value of the normal coefficient set between 0.5 and 0.8.

Richardson et al. (2009) have recently improved the N-
body code by adding a model for rigid aggregates, which
allows particles to stick (or bounce) at contact and thus grow
aggregates of different shapes. Although this improvement
allows a determination of shape and spins of family
fragments, it involves a great number of parameters and
heavy computations, and several tests are still necessary.
Hence, we do not use it here but leave its application for
future work.

All the N-body simulations presented in this paper
were performed using a conservative integration stepsize
of 5 seconds and were run to late times from a few days to a
few tens of days as indicated on the following plots, and at
least until there was no change anymore in the outcome.

Material Parameters and Initial Conditions

We performed the simulations of the Baptistina family
formation starting from a parent body with a diameter of D =
170 km, following the estimate made by Bottke et al. (2007). We
then considered two kinds of material composing the parent
body:

* Solid material (basalt), initial density: p = 2.7 g/cm?
(labeled Non-porous)

* Porous material (pumice), initial density p = 1.3 g/cm?3
(labeled Porous)

These two materials might not be the best representation
of solar system bodies. However, in contrast to other

materials, in both cases these material parameters have passed
successful comparison tests with laboratory impact
experiments (Benz and Asphaug 1995; Jutzi et al. 2009).

The initial conditions of the simulations presented here
are summarized in Table 1. All the simulations were
performed using 200,000 particles to model the parent body.
The number of particles in the projectile was chosen to obtain
the same mass per particle in the projectile as in the target.

Numerical Simulations of the Baptistina Family Formation

As we described when presenting the estimated
properties from observations, the Baptistina family was first
assumed to be a C-type one (Bottke et al. 2007). However,
recent observations have indicated that it may be as well a S-
type or even a mixture, although to our knowledge it would be
the first family whose members do not all have the same
taxonomic type. For this reason, we performed simulations of
the Baptistina family formation using both a non-porous and a
porous parent body. Note that Bottke et al. (2007) proposed a
match of the real family with SPH-N-body simulations using
non-porous parent bodies, and those simulations were
performed on a 100 km-size object and rescaled to account for
the 170 km-diameter of the Baptistina’s parent body.
Assuming that our codes and method are identical, our
simulations can then also allow us to determine whether
rescaling from a smaller target gives the same answer as if we
start with the actual diameter of the parent body.

In this section, we present the results of our simulations.
The implications regarding the real family will be discussed
afterward.

Comparison to Previous Work: Non-Porous Parent Body

We start our investigations by using similar initial
conditions suggested by Bottke et al. (2007).

By rescaling simulations performed using a non-porous
parent body of diameter D = 100 km to the Baptistina case
(D = 170 km), these authors found that a 60 km-diameter
projectile impacting nearly vertically (impact angle of 15°) at
3 km s7! could produce a reasonable match to the shape of the
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Baptistina Non Porous Parent Body, T= 12.94 days
f T T — T T

Baptistina (Non Porous 1)

— e

Baptistina Real Members — +—

[ = — 4

1000 |

Number > D

D (km)

Fig. 1. Cumulative size distribution of fragments at the end of the
gravitational phase from the simulation labeled Non-Porous 1
involving a 60 km-diameter projectile impacting at 0° (see Table 1).
Note that the initial bulk density of both the target and the projectile
is 2.7 g/em3. The size distribution estimated for the real family
(Bottke et al. 2007) is indicated for comparison.

Baptistina Non Porous Parent Body, T= 17.8 days
T T T — T T

Baptistina (Non Porous 2)

— e

Baptistina Real Members — +—

[ +——

1000

Number > D

o
o
T

10 |

D (km)

Fig. 2. Same as Fig. 1 for the Non Porous 2 simulation using a 88 km-
diameter projectile impacting at 45° (see Table 1).

size distribution estimated for the real family. Their largest
fragment remains smaller by a factor 1.6 than the estimated real
one, but the authors noted that it comprises only 1% of the
parent body’s total mass, making this discrepancy almost
meaningless. Figure 1 shows the cumulative size distribution of
fragments at the end of the gravitational phase of our
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Table 2. Ejection speeds obtained in all our simulations.
The label numbers of the models of parent bodies are the
same as in Table 1. V;j(MlIr) is the ejection speed of the
largest fragment. <V>, V.4 and V,,, are the mean, median
and maximum speeds (in m/s) of the fragments whose size
is larger than the resolution of our simulations.

Model Vej(er) <V> Vmed Vmax
Non-porous 1 40 208 129 5953
Non-porous 2 224 287 153 5872
Porous 1 28 129 113 1462
Porous 2 37 140 123 1662
Porous 3 37 155 138 1718
Porous 4 65 176 158 1724
Porous 5 112 214 194 2042
Porous Ob 108 255 157 3583

simulation using the same initial conditions as these authors
(simulation Non-Porous 1), but this time starting directly with a
170 km-diameter parent body and using an impact angle of 0°
instead of 15°. This plot should be compared with Fig. 2 of
Bottke et al. (2007). We find that the size of the largest remnant
as well as the global shape of the size distribution obtained in
our simulation significantly differ from the model curve of
Bottke et al. (2007). In particular, our simulation produces a
largest remnant whose mass is closer to the estimated one for
the real one, but it also produces a greater number of bodies of
intermediate sizes. Simulating a head-on collision rather than a
slightly off-center one (15° from vertical) may explain, at least
partially, the reason for this difference. It may also be due to a
different choice of parameters, such as the stepsize or the
resolution. The impact regime is in this case very disruptive
(the size of the largest remnant is only about 1% of the mass of
the parent body), so the sensitivity to free parameters may be
higher, and, in such a regime, the rescaling method may also
break down. To verify this, a matrix of tests near the outcome of
the simulation used by Bottke et al. (2007) before rescaling
should be performed to check whether we can reproduce it in
that way. This is beyond the scope of this current study, and is
left for future investigations.

The most striking difference between the size distribution
obtained by our simulation and the real one is the number of
large fragments. While there is a large gap between the largest
remnant and the smaller fragments in the observed family
(causing a discontinuous shape of the distribution), this is not
the case in the one produced by our simulation. In order to
check whether such a discontinuity can be obtained by a non-
head-on collision, we performed a simulation with an impact
angle of 45° (Simulation Non-Porous 2). Note that the
projectile in this case is larger (D = 88 km) than in the head-on
impact, as an oblique impact requires more energy (by a factor
of about three in this case; see Table 1) to achieve the same
degree of disruption. Consequently, the average and mean
ejection speeds of fragments also tend to be higher (Table 2).
As Fig. 2 shows, the largest remnant has about the same size as
the one produced by the head-on collision. Also the global
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shape is similar (continuous distribution) and the number of
large fragments is even greater. However, a small range of sizes
is better reproduced than from a head-on impact. As also
recognized by Bottke et al. (2007), the parameter space being
huge, we cannot rule out the possibility that other combinations
of the impact conditions may lead to a discontinuous shape.
However, here, being interested in the outcome produced by a
porous parent body, we prefer to leave this problem open and
concentrate on the differences produced by the two different
models of parent body.

Non-Porous Versus Porous Parent Body

Before we show the results of a series of simulations
using a porous parent body, we compare the outcome of
simulations using a non-porous (Non-Porous 1) and a porous
(Porous 5) parent body, respectively. In both cases, we use a
projectile of D = 60 km. Since the composition of the
projectile corresponds to the one of the target, this results in
the same specific impact energy in both cases. Note, however,
that due to the difference in density, the masses involved
differ by a factor of two. Figure 3 shows the size distribution
obtained from the porous model, to be compared with that
obtained from the non-porous one in Fig. 1. We note that both
the size of the largest remnant and the global shape of the
distribution are significantly different. In particular, the
simulation using a porous parent body provides a better
qualitative match as it produces a discontinuous size
distribution. The fact that the largest remnant is larger in the
non-porous case might be surprising since laboratory impact
experiments (e.g., Stewart and Ahrens 1999) indicate that
porous bodies are stronger (i.e., more energy per mass unit is
needed for disruption). However, preliminary studies (Michel
et al. 2008) suggest that this is not necessarily true in the
gravity regime where the bodies first get fully disrupted and
the remnants form by gravitational reaccumulation.

For information, we indicate in Table 2 some statistical
results on the fragment ejection speeds obtained in our
simulations. The differences are difficult to interpret, as the
impact energy regime is so disruptive that it can result in a
wide variety of ejection velocity fields. Thus, we cannot
ecasily determine some systematic trends as a function of
impact energy or degree of disruption and we just note that the
ejection speeds remain in the range of a few 100 m/s, as
expected for this kind of event.

Simulations Using a Porous Parent Body

Assuming that the parent body was porous, as is expected
for bodies of C taxonomic type, we performed a series of
simulations using our model of fragmentation of porous
material (simulations labeled Porous 1-5 and Porous Ob). By
changing the specific impact energy, we searched for impact
conditions that provided a best match to the estimated
distribution of the real family. These simulations consisted of
head-on impacts (impact angle of 0°), except one which
consisted of using a 45° impact angle (simulation Porous Ob),
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Fig. 3. Same as Fig. 1 from the simulation labeled Porous 5 using the
same impact conditions as the simulation labeled Non-Porous 1 (see
Table 1). Note, however, that the assumed bulk densities of both the
target and the project are 1.3 g/cm? in the porous case, while instead
they were set to 2.7 g/cm? in the non-porous one.

using different projectile sizes. Figure 4 shows the results of
this exercise. As expected, the mass of the largest remnant
decreases with increasing impact energy. Interestingly, the
shape of the size distribution seems to change from
continuous to discontinuous between the simulations Porous
3 and Porous 4. The mass of the largest remnant in the
simulations with discontinuous size distributions (Porous 4
and 5) is smaller than the observed one. But if we accept the
same level of discrepancy as the one used by Bottke et al.
(2007), who had a factor 1.6 difference between their largest
fragment and the real one, then we can consider in particular
that our simulation labeled Porous 4 is a somewhat good
match to the real family. This simulation involves a projectile
of 27 km in radius (see Table 1).

The simulation using a 45° impact angle (Porous Ob)
well reproduces the mass of the largest remnant but leads to a
continuous size distribution.

DISCUSSION

As shown above, some of the size distributions (Porous 2
and Porous 6) obtained by our simulations have a mass of the
largest remnant (see Table 1) that is comparable to the observed
one, M,/Myy, = 1.3 x 1072, where M, and M,,,, are the mass of
the largest remnant and the parent body, respectively. However,
in these cases we find a rather continuous distribution instead of
a discontinuous one as estimated for the real one. On the other
hand, we do obtain some discontinuous size distributions in
some models, but then we find a largest remnant which is too
small compared to the estimated size of the real largest member
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Fig. 4. Cumulative size distribution of fragments at the end of the gravitational phase from the simulations labeled Porous 1-5 involving
various projectile sizes (the diameter increases with increasing label number; see Table I) impacting at 0°. The simulation labeled Porous Ob
involves a projectile impacting at 45°.
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of the family. As we said previously, we can probably consider
that the discontinuous size distribution produced by our model
labeled Porous 4 provides a reasonable match if we use the
same degree of satisfaction as that used by Bottke et al. (2007),
which had a mismatch between the diameters of their simulated
largest remnant and the real one by a factor of 1.6 (see the
section presenting the estimated properties of the family from
observations).

Recent observations indicate that there may be more
than one taxonomic type in the real family, and because
families are generally very homogeneous, this indicates
either that the parent body was a mixture, or more likely that
there are interlopers. Therefore, it is likely that the real size
distribution of the Baptistina family has a different shape,
and thus it is too preliminary to consider that the differences
we see in the ones we obtain with our simulations are of
major concern.

Nevertheless, assuming that the Baptistina asteroid is not
a C-type but rather closer to a S-type, and/or that its albedo is
higher than the one currently used to estimate its diameter,
then its estimated diameter would be reduced and the
agreement with the simulation Porous 4, which produces a
global shape similar to the real one, would be even better.
Actually, Reddy et al. (2008) claim that 298 Baptistina has a
14% albedo, which would shrink it down to almost the size
that we obtain in the simulation Porous 4. On the other hand
we do not yet know the albedo of the objects in the full
Baptistina family; if they have 14% albedo as well, nothing
would change.

More observational data are required to conclude which
of our simulations provide the best match to the real family,
and we strongly urge our colleague observers to provide more
data on this family. It is nevertheless already comforting that
we can obtain different shapes and diameters of the largest
remnant, which are the two things that may be revised by the
observations.

CONCLUSION

We have presented the results of numerical simulations
of the complete process of catastrophic disruption of a large
asteroid aimed at representing the formation of the Baptistina
family. Because there are still uncertainties about the actual
taxonomic type of the family, we used both a non porous and
a porous object to represent the family parent body. We then
used two models of fragmentation included in our hydrocode,
which are appropriate for each of these cases. The first one is
the classical model of brittle failure used previously to
reproduce asteroid families of bright taxonomic type (e.g.,
Michel et al. 2001, 2003); the second one is a model for
porous material introduced recently in our hydrocode (Jutzi
et al. 2008) and which passed a first validation at laboratory
scale (Jutzi et al. 2009). The mutual attraction of generated
fragments and their potential reaccumulations were then
followed using the N-body code pkdgrav, as we did in our
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previous investigations of family formation (Michel et al.
2001, 2002, 2003, 2004a, 2004b).

Our results show that the break up of a porous body leads
to different outcomes than the disruption of a non-porous one,
in terms of both size and velocity distributions of the
fragments. In particular, everything else being equal, a porous
body appears weaker than a non-porous one. Because the bulk
density of a porous body is smaller than that of a non-porous
one, its mass is also smaller for the same diameter. In this
regime where gravity dominates, the mass difference may at
least partially explain why a porous body is weaker for the
same impact energy and similar size as a non-porous one. We
are currently performing a systematic study of the impact
energy threshold for disruption of porous bodies which will
allow us to determine whether this finding can be generalized.

From the disruption of a non-porous parent body, we find
that our simulations tend to produce fragment size
distributions that are generally more continuous than the one
estimated from the observations (i.e., we generally find no
gap between the largest and second-largest fragments). We
then find that using a non-porous model starting directly with
the appropriate size of the parent body does not lead to a good
agreement with the properties of the real family estimated so
far by the observations. In previous studies (Michel et al.
2002, 2004a) we usually found that highly catastrophic
disruptions (such as the one at the origin of the Baptistina
family) involving non-porous parent bodies favored the
production of continuous fragment size distributions, and
discontinuous ones were usually obtained for less energetic
events. However, the parameter space is too large to cover it
all, especially if we consider both the shape of the distribution
and the size of the largest member to be robust, so we cannot
rule out that some successful impact conditions involving a
non-porous body may exist.

From the disruption of a porous parent body, some
portions of the size distribution or the largest remnant mass
can be well reproduced. In particular, break-ups of a porous
body can produce a set of fragments whose size distribution is
discontinuous even in such a highly catastrophic regime. We
find that a head-on impact at 3 km s~! of a projectile of 27 km
in radius produces an outcome that can be considered as a
reasonable match to the real family. Such a projectile's size is
compatible with the scenario proposed by Bottke et al. (2007)
about this family history.

Since our simulations provide a wide variety of outcomes
depending on the impact conditions, when the real family
properties become better constrained, it will then be easy to
check on the results presented here whether some of them
correspond to a better match and with which impact
conditions and parent body. Such information is important,
for instance to check or revise the estimated age of the family,
which depends to some degree on the likelihood that the
required impact conditions produced it.

The understanding of the impact response of a large body
as a function of its internal properties is fundamental and
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asteroid families provide a good tool to improve it. In recent
years, we have been able to validate our approach for non-
porous parent bodies using well characterized bright
family types, and we will repeat this exercise in future
work with our model for porous materials using some well-
characterized dark-type families. In this paper, we wanted to
make a first application using the Baptistina family as an
example, because of the recent finding by Bottke et al. (2007)
about its role in the K/T impact, and our work can at least
motivate observers to better characterize its properties.

Numerical simulations need well-determined properties
both at laboratory scale and from observations at large scale.
Then they can be validated and in turn provide important
information on the conditions (impact energy, internal
structure of the parent body) that can have produced the
observed outcome. Obviously, the real material properties of
the asteroids are not known yet, so that we are limited to using
terrestrial analogs, but we can hope that future sample return
missions, such as the Marco Polo mission, in assessment
study at the European Space Agency, will provide some
information about these properties, adding new constraints to
our models.
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