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Asteroid families are groups of small bodies that share certain
orbit' and spectral properties®>. More than 20 families have now
been identified, each believed to have resulted from the colli-
sional break-up of a large parent body” in a regime where gravity
controls the outcome of the collision more than the material
strength of the rock. The size and velocity distributions of the
family members provide important constraints for testing our
understanding of the break-up process, but erosion and dynami-
cal diffusion of the orbits over time can erase the original
signature of the collision*’. The recently identified young Karin
family® provides a unique opportunity to study a collisional
outcome almost unaffected by orbit evolution. Here we report
numerical simulations modelling classes of collisions that repro-
duce the main characteristics of the Karin family. The sensitivity
of the outcome of the collision to the internal structure of the
parent body allows us to show that the family must have
originated from the break-up of a pre-fragmented parent body,
and that all large family members formed by the gravitational
reaccumulation of smaller bodies. We argue that most of the
identified asteroid families are likely to have had a similar
history.

Using a method and numerical codes that have already allowed us
to simulate the formation of major asteroid families in different
impact energy regimes”®, we have performed several simulations of
the Karin family formation. In such events, the parent body is first
totally shattered by the shock wave produced by a colliding
projectile into very small fragments, which are then ejected into
space. Subsequently, as a consequence of their gravitational inter-
actions, many of the fragments reaccumulate, forming the large
members of the family.

To study how the collisional outcome depends on the internal
structure of the parent body, we considered different models of such
abody and searched for the one which, once disrupted, best matches
the observed properties of the Karin family. In particular, we
considered two kinds of parent bodies, both spherical in shape:

(1) purely monolithic, and (2) pre-fragmented (pre-shattered or
rubble pile). The motivation for modelling the latter kind comes
from previous studies of the collisional evolution of the asteroid
belt®, which suggest that before being dispersed in a large-scale
collision, large bodies are likely to have suffered smaller shattering
impacts that modified their internal structure. Whereas the internal
structure of a monolithic parent body is totally homogeneous, that
of a pre-fragmented body is characterized by the presence of
fractured zones with no tensile strength. As we shall see, the
heterogeneities introduced in this way result in significant changes
in the size spectrum of the separate bodies (also called fragments)
left after the collision, even though the targets in both cases are
completely shattered by the impact. Both types of parent bodies
were modelled with material properties corresponding to either
basalt or dunite, using the Tillotson'® or ANEOS'" equations of
state, respectively. The corresponding reference bulk densities of
these materials are 2.7 g cm ™ for basalt and 3.33 gcm ™~ for dunite,
which are within the range of estimated bulk densities of S-type
asteroids'>" and ordinary chondrites'.

The diameter of the Karin parent body was inferred from the
estimated sizes of the observed members of the family plus a
reasonable estimate of the observational incompleteness of the
main belt for asteroids with absolute magnitude H < 16.0 to
account for undetected members. This method gives a parent
body diameter D of about 24.5 £ 1km, the largest remnant being
estimated to account for 47 £ 6% of its mass°.

In our simulations (see Table 1), we consider a parent body 25 km
in diameter represented by 2 X 10° particles. For each model of
internal structure, we consider at most two different impact
geometries and adjust the projectile’s size to yield a largest remnant
with mass in agreement with that inferred from observations. In
all cases but one, the impact velocity is fixed at 5km s !
which corresponds to the average collisional speed in the asteroid
belt".

In all our simulations, the fragmentation phase driven by the
shock wave of the impact and computed using a three-dimensional
smoothed particle hydrodynamics (SPH) code'®, leads to the
complete pulverization of the parent body down to the resolution
limit, which corresponds to a fragment radius around 0.2 km. The
subsequent evolution, including fragment collisions and reaccu-
mulations, is then computed with a sophisticated N-body code'”
until the outcome reaches a nearly steady state (typically a few days
of simulated real time). At this point, gravitational reaccumulation
has led to the formation of a full size spectrum of aggregates (also
called fragments), whose properties we compare with the real Karin
cluster. For this, we use two different diagnostics: (1) the cumulative
size distribution of the fragments; and (2) their ejection velocities,
or equivalently, the dispersion of the family in proper orbital
element space. However, any attempt to match the observed proper-

Table 1 Characteristics of the Karin family formation simulations

Parent body structure Equation of state Rproj (km) Voroj (kms™") 0(°) Q(ergg™") MM o, Vi (ms™7) (Vo) (ms™)
Monolithic (basalt) T 1.35 5 0 1.57 x 10° 0.52 5.8 18
Monolithic (dunite) A 1.22 5 0 1.16 x 108 0.54 0.4 19
Monolithic (dunite) A 3.10 1 0 7.61x107 0.50 0.9 18
Monolithic (basalt) T 1.65 5 45 2.87 x 108 0.50 8.8 19
Monolithic (dunite) A 1.57 5 45 2.47 x 10° 0.52 5.6 14
Pre-shattered (basalt) T 1.03 5 0 6.97 x 107 0.47 3.7 14
Pre-shattered (dunite) A 1.13 5 0 9.21 x 107 0.52 3.6 17
Pre-shattered (basalt) T 1.21 5 45 1.13x 10°% 0.51 4.2 15
Pre-shattered (dunite) A 1.45 5 45 1.95x 10°% 0.46 5.0 18
Rubble pile (basalt) T 1.50 5 45 2.16 x 10° 0.49 5.0 14

Three types of parent bodies were considered, differing in their internal structure: monolithic, pre-shattered or rubble pile. To model a pre-shattered parent body, we generated a network of cracks in an
originally monolithic body, dividing it into 40 distinct fragments distributed uniformly in radius and separated by fractured zones. Fragment masses were randomly distributed in a range with the maximum
mass four times larger than the minimum mass. Experiments with other position and mass distributions produced similar results. To model a rubble pile, we generated solid boulders whose centres were
chosen at random inside the parent body, with their individual radii computed from a power-law distribution. In most cases two simulations were performed for each type of parent body, one using material
properties of basalt and the Tillotson equation of state (T) and one using dunite and the ANEOS equation of state (A). Different impact conditions were also used, defined by the projectile’s radius R o,
impact velocity Vo and angle of incidence 6. The specific impact energy is given by Q = (projectile kinetic energy)/(target mass). M, /M, is the resulting mass ratio of the largest remnant to the
parent body and V. is the largest remnant ejection speed. The mean ejection speed of all the fragments is given by (V).
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ties exactly is pointless given the uncertainties in the observational
data (for example, sizes are only estimated using inferred albedos),
as well as the large number of unknowns characterizing the impact
(actual impact velocity, shapes, and so on). That is why we focus
more on global characteristics that we believe to be robust, such as
the continuous aspect of the cumulative size distribution and the
shape of the cluster in proper element space.

In the case of the break-up of monolithic parent body, we find
that the cumulative size distribution of fragments is always charac-
terized by a lack of intermediate-sized bodies and a very steep slope
for the smaller ones. This trend also holds true for a collision
occurring at a smaller (and much less likely) impact speed of
1kms™ ' but with a bigger projectile to yield a largest remnant of
similar mass (see Fig. 1a, b). Yet the inferred size distribution of the
real Karin family is rather continuous (the second-largest body is
estimated to have a diameter D = 14.4km).

Disruptions involving a pre-fragmented (pre-shattered or rubble
pile) parent body, on the other hand, result in a much more
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continuous cumulative size distribution of fragments (Fig. 1c, d).
Hence the presence of intermediate-sized bodies, as observed in the
real family, is most probably a direct consequence of the presence of
large-scale fractures or big blocks within the parent body. Such large
members cannot be obtained starting with a monolithic parent
body regardless of the impact geometry and material type in all the
cases investigated (not all are shown here), so we conclude that the
parent body of the Karin family must have been pre-fractured or
reaccumulated. This is consistent with the fact that the Karin parent
body actually belonged to the older Koronis family, for which we
have shown in previous simulations that the members down to at
least kilometre sizes are reaccumulated objects”®'°.

Interestingly, we note that intermediate-size fragments are also
present in most major asteroid families, which implies that many
parent bodies in the asteroid belt were probably pre-fragmented.
Consequently, this must also be the case for most large objects in the
present-day asteroid belt, which is consistent with the idea that
asteroids get battered over time in the general sense.
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Figure 1 Cumulative diameter distributions of the fragments of the simulated Karin
families. a, b, The disruption of a monolithic parent body; ¢, d, the results for a
pre-fragmented parent body. a and ¢ were obtained with a projectile colliding ‘head on’,
whereas an impact with an angle of incidence 6 equal to 45° produced b and d. Symbols
denote the different material properties or impact parameters used in the simulations, as
indicted on the plots. In all simulations, the parent body had a diameter D equal to 25 km.
The plots also show the estimated sizes of the two largest members as well as the number
of members larger than 2.1 km (computed from their absolute magnitudes and assuming
a 16% albedo for all family members; see ref. 6). The best agreement is obtained with
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our simulations of the disruption of a pre-fragmented parent body and does not depend
much on the impact geometry or the material type and equation of state. Conversely, in
the case of a monolithic target, different impact geometries and/or material types and
equations of state do not produce more intermediate-sized aggregates, even though
some quantitative differences exist. For instance, a 45° impact results in a somewhat
smaller gap between the sizes of the largest and the second-largest remnant in the
simulation of a basaltic parent body with a Tillotson equation of state. We note that only
the simulations involving a pre-fragmented parent body yield continuous size
distributions.
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The second important constraint we considered was the ejection
velocity distribution of simulated fragments, which must be com-
patible with that of the real family members. Karin’s young age
(around 5 Myr) implies that dynamical diffusion has had no time to
alter appreciably the initial ejection velocity distribution, which is
not the case for the other, much older, families. Unfortunately, only
the proper orbital elements (semi-major axis a, eccentricity e, and
inclination I) of the family members can be deduced from obser-
vations, whereas the simulations only provide the ejection veloc-
ities. However, Gauss’ equations can be used to relate ejection
velocities to orbital elements, provided the position of the bary-
centre of the family in a heliocentric reference frame is known. To
solve these equations, two additional unknown angles must be
specified, namely the true anomaly fand the argument of perihelion

Monolithic parent body

w of the parent body’s orbit at the time of the impact. The current
observed shape of the cluster in orbital element space suggests
f=30°and f + w = 45° as a good choice®.

As can be seen from Fig. 2, the dispersion in ejection velocities of
fragments originating from a monolithic parent body impacted at
5km ™" is too small to explain the actual observed spread in proper
element space. Conversely, supporting our previous conclusion
based on the size distribution, the ejection velocity field obtained
in a collision involving pre-fragmented parent bodies is in excellent
agreement with the observed family. Such agreement is also
obtained from the break-up of a monolithic parent body at low
impact speed (1 km s~ 1); however, as remarked before, in this case
the fragment size distribution is not continuous. In summary, a
good match of both a continuous size distribution and the orbital

Pre—shattered parent body
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Figure 2 Dispersion of the simulated Karin family in orbital element space. The plots show
the distributions in the eccentricity versus semi-major axis plane (@, b) and in the
inclination versus semi-major axis plane (c, d) obtained by considering either a monolithic
parent body (a, ¢) or a pre-shattered one (b, d) of 25 km diameter suffering a ‘head-on’
collision with a projectile. The ANEOS equation of state was used with material properties
of dunite. Because the proper elements of the real family members are not available, and
because we are not interested in fitting exactly the position of each real member but rather
in reproducing the global dispersion of the Karin family, we show the ellipse already
identified® as best matching the dispersion of the real family in this space. The orbital
elements of fragments are computed from their ejection velocities using Gauss’
equations. To convert ejection velocities from our simulations into orbital elements, we
first need to define the orientation of the velocity components of our fragments in a
heliocentric frame. For this, the reference frame used in our simulations being arbitrary,
we must specify the direction of impact of the projectile. Different directions lead to
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different shapes of the family in orbital element space, so we investigated a range of
possible orientations which are then obtained by assuming the values of the semi-major
axis and inclination of the projectile’s orbit, and using the so-called Tisserand constant as
a constraint to fix the eccentricity (see ref. 8 for a description of this procedure). We
consider here one possible orientation. Other combinations of the projectile’s orbital
elements or impact direction would not necessarily lead to the same shape of cluster. The
values of the parent body’s true anomaly at impact fand its sum with the argument of
perihelion w + fare assumed to be f= 30° and w + f= 45°; its semi-major axis a,
eccentricity e, and inclination /are taken to be a = 2.866 Au, e = 0.0445 and

/= 2.105°. Only 39 real Karin family members are currently known, so the figure also
shows the distributions of only the 39 largest fragments of our simulation, the smallest
among them having a size of 1.5km, to be compared to the estimated 2.1 km for the
real one. For the projectile, the velocity of impact is 5 km s, 0=0°a=22au, and
|=5°
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dispersion of the Karin family requires that its parent body was pre-
fragmented or reaccumulated. This supports the overall picture that
all large members of asteroid families are reaccumulated bodies,
given that the Karin cluster is at least a second-generation family in
the lineage of the older Koronis parent body.

Our simulations can also be used to determine the impact energy
needed to produce a given degree of disruption as a function of the
internal structure of the parent body. From Table 1, we see that
disrupting a pre-shattered target requires less energy per unit mass
than for a monolithic body. This, at first glance a surprising result, is
related to the fact that the fractures as modelled here (no porosity
and no material discontinuities except damage) do not affect shock
waves but only tensile waves. Hence, fragments can be set in motion
immediately upon being hit by the shock wave without having to
wait for fracture to occur in a following tensile wave. Thus, transfer
of momentum is more efficient and disruption facilitated. Note that
the presence of large voids such as those in rubble piles affect the
propagation of the shock wave, thus reversing this trend. A more
detailed study of these properties will be presented in another paper.
Nevertheless, it is already clear that the internal structure of an
asteroid plays an important role in the determination of its response
to impacts (see also ref. 18). This is not only relevant for estimating
the collisional lifetime of a body in the asteroid belt, but also for
developing strategies to deflect a potential Earth impactor.

A last important implication of our simulations concerns the
properties of family members with sizes smaller than can currently
be observed. The break-up of a pre-shattered Karin parent body
produces several thousand fragments with sizes ranging from a few
kilometres down to our resolution limit of 0.2km (Fig. 1). Their
ejection speeds can allow some of them to be injected into efficient
transport mechanisms leading to Earth-crossing orbits. Therefore,
we conclude that the Karin break-up event may well have produced
some near-Earth asteroids and even some meteorities. According to
our simulations, the potential near-Earth asteroids with size at least
above 0.2km result from the gravitational reaccumulation of
smaller fragments, and are therefore all aggregates. O
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The amplitude and frequency of laser light can be routinely
measured and controlled on a femtosecond (10~ > s) timescale'.
However, in pulses comprising just a few wave cycles, the
amplitude envelope and carrier frequency are not sufficient to
characterize and control laser radiation, because evolution of the
light field is also influenced by a shift of the carrier wave with
respect to the pulse peak®. This so-called carrier-envelope phase
has been predicted®” and observed' to affect strong-field
phenomena, but random shot-to-shot shifts have prevented the
reproducible guiding of atomic processes using the electric field
of light. Here we report the generation of intense, few-cycle laser
pulses with a stable carrier envelope phase that permit the
triggering and steering of microscopic motion with an ultimate
precision limited only by quantum mechanical uncertainty.
Using these reproducible light waveforms, we create light-
induced atomic currents in ionized matter; the motion of the
electronic wave packets can be controlled on timescales shorter
than 250 attoseconds (250 X 10~ '®s). This enables us to control
the attosecond temporal structure of coherent soft X-ray emis-
sion produced by the atomic currents—these X-ray photons
provide a sensitive and intuitive tool for determining the car-
rier-envelope phase.

Matter exposed to intense laser light undergoes ionization, which
gives rise to a broad range of phenomena in atoms, molecules and
plasmas. An electronic wave packet is set free around each oscil-
lation peak of a laser electric field that is strong enough to overcome
the effective binding potential (Fig. 1a). The ensuing motion of the
wave packets released by optical-field ionization depends on the
subsequent evolution of the driving laser field'"'?. A laser pulse
consisting of many wave cycles launches a number of wave packets
at different instants. Each of these follows a different trajectory
because of the differences in the initial conditions of their motion,
preventing a precise control of strong-field-induced electronic
dynamics. Intense few-cycle light pulses with adjustable carrier-
envelope (C-E) phase hold promise for a marked improvement.
With the C-E phase set to make the peak of the oscillating electric
field coincide with the pulse peak (blue line in Fig. 1c) and the
strength of the field just sufficient to reach the ionization threshold
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