ASTEROID SATELLITES FORMED BY TIDAL DISRUPTION
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ABSTRACT

Results from simulations of the tidal disruption of
km-sized gravitational aggregates are presented. In
many cases the post-encounter remnants form bina-
ries that are stable for at least 60 d. The physical
and orbital properties of these binaries vary over a
wide range and show that tidal disruption can lead
to the formation of double asteroids with spheroidal
or ellipsoidal components of near-equal mass. Sys-
tems with large mass ratios are also readily formed.
Orbital eccentricities as low as 0.09 were seen, sug-
gesting many systems could be stable over very long
time periods.

1. INTRODUCTION

Recent observations of asteroids have revealed the
existence of satellites among the near-Earth and
main-belt populations (see [1] for a review). Fa-
vorable suggested methods of satellite formation in-
clude: 1) tidal splitting during a close encounter with
a planet; and 2) formation via collision either by re-
tention in orbit of post-collision ejecta around the
largest remnant or by mutual capture of escaping
fragments [2]. Direct numerical simulations that in-
clude both collisional physics and gravity are just
now beginning to explore these possibilities [3,4].

Previous work on tidal splitting either used an ide-
alized two-particle model of the progenitor or were
designed to explore issues other than satellite forma-
tion [5,6]. In the present study, results from simula-
tions of the tidal disruption of km-sized gravitational
aggregates by the Earth show in unprecedented de-
tail the formation of binaries with a wide range of
physical and orbital properties.

2. METHOD

The numerical simulations were carried out using
pkdgrav, a parallel treecode that accounts for in-

terparticle gravity and collisions [7]. Each simulated
scenario consisted of sending a rubble-pile asteroid
made up of ~ 1000 identical smooth spherical par-
ticles on a hyperbolic flyby of the Earth. The tidal
field of the Earth (modeled as a point potential) pulls
the asteroid apart until the field weakens sufficiently
for the asteroid fragments to collapse back on them-
selves due to their own self-gravity. Typically the
excess angular momentum delivered by the planet
prevents the asteroid from recollapsing into a single
body. Instead the collapse results in smaller clumps,
some of which may enter into mutual orbit. The aim
of the present study is to determine the variety of
final configurations that contain mutually orbiting
fragments.

Thirty-two simulations with different close-approach
distances ¢ and encounter velocities v, were per-
formed. In each case the asteroid progenitor had a
bulk density of 2 g cm™3, dimensions of 4 x 2 x 2 km,
and a 6 h prograde spin. Note that the shape of the
asteroid can affect the encounter outcome depend-
ing on the exact orientation at periapse (see [6] for
details). The coefficient of restitution for collisions
was set to 0.8. A fixed timestep of ~ 50 s was used
for the integrations, which typically ran for ~ 10 d
of simulated time. Mutually bound fragments were
identified at the end of each run using a fast satellite
detection algorithm called companion [8]. For the
present study, only those bound pairs whose primary
was at least 10% of the total system mass and whose
secondary was at least a few percent of the mass of
the primary were considered. Computed quantities
included the semi-major axis a of the pair, the ec-
centricity e, the mass ratio u, the spin period of the
primary P; and secondary P, the ellipticity €7, €3 of
each component (computed as € = 1 — (a2 +a3)/a1,
where a1 > ag > ag are the semi-axes of the body),
and the orbital time 7.

Some runs were extended to 60 d of simulated time
using a new feature of pkdgrav that allows a rubble
pile to be “frozen” into a rigid body, eliminating the
costly interparticle collision calculations that other-
wise do not contribute meaningfully to the dynamics.
This is valid so long as the two orbiting components
do not approach one another too far inside a mutual



Figure 1. Snapshots of the tidal breakup of an asteroid passing by Earth with ¢ = 1.6 km and vee = 6 km s~ 1.

Roche radius (roughly two primary radii). The rigid-
body equations of motion with torque (see [9], Egs.
4 and 6) were solved using a 4th-order Runge-Kutta
with timestep equal to the pkdgrav step (which was
never larger than 1% of the mean spin period of ei-
ther body).

3. RESULTS

For the simulations in this study, ¢ ranged from 1.2
to 2.0 Rg, where Rg is the Earth’s radius, and ve
ranged from 3 to 18 km s~!. Since maximum stress
is at periapse and drops off rapidly with distance,
the start point was set quite close to the planet (at a
distance of 2¢) and the starting speed and direction
of motion were computed accordingly. For reference,
the Roche limit was 3.47 Rg for these simulations.

Table 1 summarizes the results for those simulations
that satisfied the mass criteria outlined in the previ-
ous section. Usually the satellite systems consisted
of the first- and second-largest post-encounter rem-
nants, but in one case the secondary was the third-
largest remnant. Also note that one system was ac-
tually a triple (with @ = 10 km, e = 0.12, and p =
0.21 with respect to the primary), though it would
not likely have survived long as such. The systems
that were run for 60 d are indicated with an asterix
(x). Typically these were quite stable, with the mean
a and e changing only by a few percent, usually to
higher values. This sort of evolution in a is con-
sistent with spin-orbit coupling between the bodies
since the shorter spin periods of the bodies compared
to their orbital period leads to mutual torquing that
pushes the bodies apart (the spins change as well).
The growth of e is less well understood and in general
can be difficult to predict [10,11].

Fig.1 shows snapshots of one of the simulations (¢ =
1.6 km, v, = 6 km s~ 1) for illustration. The long-
term behavior of this system is plotted in Fig.2. The
spikes in the plot correspond to periapse passages.
The longer-scale osciallation indicates strong cou-
pling between the bodies due to their non-spherical
shapes. Integration over longer timescales would re-
quire a more careful monitoring of energy conserva-
tion due to the dissipative nature of the Runge-Kutta
algorithm.
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Figure 2. FEvolution of a (top panel), e (middle
panel), Py (bottom panel, lower line), and Py (bot-
tom panel, upper line) for 60 d following the breakup
of the asteroid illustrated in Fig.1.

4. CONCLUSIONS

The wide variety of possible outcomes from tidal dis-
ruption of gravitational aggregates, even from the
relatively sparse sampling of this study, is evident in
Table 1. Among the binaries, a ranged from 3.3 to
30 km, e from 0.09 to 0.93, x from 0.03 to 0.91, spin
periods from 4.2 to 15.1 h, ellipticities from 0.03 to
0.65, and 7 from 0.6 to 12.7 d. It is therefore pos-
sible to obtain “double” asteroids, where the com-
ponents are roughly the same mass, and more tradi-
tional parent-satellite systems, where the satellite is
small compared to the parent, by the same mecha-
nism of tidal disruption with only a small change in
the encounter parameters.

In future work, the secular evolution of these sys-
tems, including their long-term stability, will be as-
sessed. The numerical results will be compared with
analytic constraints to investigate the rate of en-
ergy dissipation in the evolving system and to un-
derstand the transfer of angular momentum and en-
ergy between the rotational and translational states
of the system. A larger database of tidal encounters



Table 1. Summary of satellite systems. See text for explanation of symbols.

q (Rg) Voo (kms™!) a(km) e w P P e €2 7 (d) Notes
1.20 12.0 13.6 0.93 080 5.7 86 017 0.03 4.0
1.20 15.0 14.1 0.81 0.15 47 51 043 015 3.7
1.50 6.0 29.6 0.89 0.69 44 4.7 042 0.27 127
1.50 7.0 5.9 049 043 76 58 0.18 0.16 1.1  triple system
1.55 5.5 3.3 0.16 0.16 4.7 151 0.19 0.08 0.6 secondary is 3rd largest
1.55 6.0 6.8 0.09 054 46 53 045 021 13
1.55 6.5 7.3 0.24 051 4.8 11.1 026 0.04 14
1.60 5.0 8.7 031 076 44 48 044 052 19 «
1.60 5.5 6.5 0.23 091 46 42 022 028 12 «
1.60 6.0 6.4 0.34 030 46 70 038 019 12 «
1.70 5.0 157 067 0.03 51 6.2 065 017 45 %
will be constructed for comparison with observations and N-body Models, Bull. Am. Astron. Soc.,
and will include an assessment of outcome probabil- Vol. 33, 52.03, 2001.
ities. For example, it may be possible to distinguish .
between collisional and tidal origin for satellites by 5. Bottke W F. Jr. :Cmd Melosh H. J., Formation
comparing numerical simulations with observations of Asteroid Satellites and Doublet Craters by
of satellites (including their debiased frequency of Planetary Tidal Forces, Nature, Vol. 381, 51-53,
occurence) in the near-Earth versus the main-belt 1996.
population. With a larger parameter search it may 6. Richardson D. C.. Bottke W. F. Jr. and Love S
also be possible to discover asteroids that are slowly ) G.. Tidal Dis.tor.t,ion and DiSI‘l.l t'. fE th;
. . . . . ption of Ear
rotating or tumbling, either as a direct result of the Crossine Asteroids. I Vol. 134. 47-76
. . g Asteroids, Icarus, Vol. , ,
tidal breakup or through repeated encounters with a 1998
companion. This may help shed light on the origin )
of these strange rotators that appear to make up a 7. Richardson D. C., Quinn T., Stadel J. and Lake
disproportionate part of the population of asteroids G., Direct Large-Scale N-Body Simulations of
with measured spins. Planetesimal Dynamics, Icarus, Vol. 143, 45-59,
2000.
ACKNOWLEDGMENTS 8. Leipha,rdt Z. M. and Richardson D. C., in prepa-
ration.
L 9. Richardson D. C.; A Self-Consistent Numeri-
DCR thanks the Division of Research and Gradu- cal Treatment of Fractal Aggregate Dynamics,
ate Studies at the University of Maryland at College Icarus, Vol. 115, 320-335, 1995.
Park for a grant that contributed to this project.
10. Goldreich P. and Soter S., @ in the Solar Sys-
tem, Icarus, Vol. 5, 375-389, 1966.
REFERENCES 11. Scheeres D. J., Stability of Binary Asteroids,

1. Merline W. J., Weidenschilling S. J., Durda D.
D., Margot J.-L., Pravec P. and Storrs A. D.,
Asteroid Satellites, in Asteroids IIT (Bottke W.
F. Jr., et al,, eds.), in press, Univ. of Arizona,
Tucson, 2002.

2. Richardson D. C., Leinhardt Z. M., Melosh H.
J., Bottke W. F. Jr. and Asphaug E., Gravita-
tional Aggregates: Evidence and Evolution, in
Asteroids III (Bottke W. F. Jr., et al., eds.), in
press, Univ. of Arizona, Tucson, 2002.

3. Michel P., Benz W., Tanga P. and Richardson
D. C., Collisions and Gravitational Reaccumula-
tion: Forming Asteroid Families and Satellites,
Science, Vol. 294, 1696-1700, 2001.

4. Durda D. D., Bottke W. F. Jr., Asphaug E. and
Richardson D. C., The Formation of Asteroid
Satellites: Numerical Simulations Using SPH

Bull. Am. Astron. Soc., Vol. 32, 07.02, 2001.



