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Introduction: Over the last two decades, basic re-
search on the shape evolution of small Solar System
bodies due to the YORP effect, collisions and gravita-
tional tides has mainly taken two approaches, evolving
simple initial shapes to obtain the currently observed
shapes of these bodies, or taking the observed shapes
and evaluating their possible future evolutionary be-
havior. In this study, we take one step back and inves-
tigate how a cloud of self-gravitating grains accretes to
form a rubble pile body or system.

Background: A common theory for the formation
of rubble pile asteroids is as the re-accreted product of
a catastrophic collision between two proto-planetary
bodies [3,4]. In the aftermath of the collision, sprays
of shattered material can be ejected as collections of
bodies having a size distribution and similar veloci-
ties. Across a distribution of such ejecta there can
be regions within which the relative speed is mod-
est enough to define a captured collection of bodies,
where the components will eventually re-accrete into
rubble piles. Within each gravitationally captured re-
gion the velocities for each component can be reduced
to the velocity of the region’s center of mass and the
velocity relative to the center of mass. Relative to its
center of mass, the collection then has a total angular
momentum which is conserved (unless specific com-
ponents of the system are ejected) and a total energy
which can be decreased through low-speed impacts
and friction between components in contact. Within
such a collection, the dynamics are described by the
full n-body problem, driven by gravitational and sur-
face forces when the components come into contact
[7]. This study considers the mechanics of how this
gravitationally-driven accretion occurs, and in partic-
ular focuses on the role of angular momentum on the
resulting body shapes.

Questions of specific interest are whether the shapes
of a rubble pile asteroid are controlled by the “random”
level of angular momentum that the system initially
has, arising from its formation circumstances. Clas-
sical theory dictates that an accreted body with larger
total angular momentum would take on a more elon-
gate shape than a body with a lower level of angular
momentum. In the limit, if the angular momentum is
too large the body may be unable to re-accrete into a
single body, but may form a binary system. Such a
formation circumstance may explain the highly dimor-
phic shapes of asteroids such as Itokawa [4], allowing
the two components to accrete separately, but in orbit

about each other, and then through evolutionary pro-
cesses evolve to a contact binary structure.

Theory: The final accreted shape is controlled by
the minimization of the effective potential of the n-
body system. The effective potential has the form

E(Q) =
H2

2IH(Q)
+ U(Q)

where H is the constant total angular momentum of the
system, IH(Q) is the system moment of inertia about
the total angular momentum vector, U(Q) is the to-
tal gravitational potential of the system and Q denotes
the set of all positions and orientations of the compo-
nents in this system. The system has a total energy
E = TE + E , where TE is the excess kinetic energy,
which can be dissipated as grains impact or slide on
each other (at very slow speeds) reducing the total en-
ergy E, or which can be increased or decreased as a
function of how the amended potential value changes
as the particles take on different orbiting or resting
configurations relative to each other. The end result
of this interaction process is ideally a configuration of
the system Q∗ that minimizes the effective potential
and which has dissipated all of its excess kinetic en-
ergy, leading to E∗ = E(Q∗).

Through this accretion process, if a single rubble
pile body is formed, it must be a local or global min-
imum of this function, defined over all of the possible
resting configurations of the grains on each other. If it
is not a minimum, then the collection is unstable and
it will reshape and dissipate excess energy (conserv-
ing angular momentum) until it comes to rest. These
stable resting configurations are a sensitive function of
the total angular momentum of the system. For large
enough values of angular momentum the minimum
energy configuration is for the body to be split into
two components that are in orbit about each other. In
the current work we determine the change in accreted
body morphology as a function of angular momentum.

Simulation Method: The particles in the SSDEM
code that we have used [2,5,6] interact through soft po-
tentials of three types: normal forces that keep the par-
ticles apart when they overlap, tangential forces related
to stick-slip interactions that satisfy local Coulomb
yield criterion and rotational torques that opposes the
relative rotation of particles in contact.

For the initial set of simulations shown here, we are
using≈ 3100 spherical particles with a uniform distri-
bution of sizes between 7-10 m. The particles are dis-
tributed in several concentric, co-planar circles, form-
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ing a disc 468 m across. As all the particles have the
same density and the radii are randomly distributed,
this configuration produces a homogeneous distribu-
tion of mass with its center of mass very close to its
geometrical center. A heterogenous mass distribution
was also analyzed; obtained by systematically chang-
ing the arc of separation between the particles in each
circle (see Fig. 1). The particles were stacked in 2 discs
in the homogeneous arrangement, and 3 discs for the
heterogeneous system. Simulations shown at the con-
ference will increase the number of stacks.

Once the particles are in place, the system is pro-
vided with a net angular momentum by providing an
initial angular velocity Ωi in the −ẑ direction with
initial spin rates of 1, 2, 3, 4, 5, 10, 15, 20, 25 and
30×10−5 rad/s. Additionally, the particles are given
an initial random velocity that ranges between 0-0.03
m/s, chosen so it does not affect the angular momen-
tum of the system.

Figure 1: Initial particle distributions: homogeneous
(left), heterogeneous (right). The center of mass of the
system is marked by a red dot.

Results: An initial observation is that both the an-
gular momentum of the system as well the excess ki-
netic energy are important. Too much angular momen-
tum and the particles will escape, two little and the
initial spatial configuration directly controls the final
shape of the aggregate. To avoid this latter outcome,
the initial random velocities were chosen to ensure ran-
domization of the accreted rubble piles.

To analyze the deformation of an aggregate, the el-
lipticity of its shape was computed [1] which increases
from zero with elongation. Fig. 2 shows the single-
body aggregate ellipticities. As expected, a higher
level of angular momentum produces a more elon-
gated body up to a certain point, beyond which the
system forms a binary. For the homogeneous sys-
tems, symmetric binaries were formed when Ωi ≥
2.5×10−4, for heterogeneous systems asymmetric bi-
naries formed when Ωi ≥ 2.0× 10−4.

Figure 3 shows resulting binary configurations for
a homogeneous and heterogeneous initial spatial dis-
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Figure 2: Ellipticity of single-body aggregates as a
function of initial spin rate.

tribution. The inhomogeneities yield a large change in
mass ratio between the bodies in each system. We note
that the largest component in the heterogeneous distri-
bution is formed by more densely packed particles.

Figure 3: Binaries resulting from the homogeneous
(left) and heterogeneous (right) initial configurations.

Conclusions: These initial simulations show that
the amount of angular momentum in an accreting rub-
ble pile body has a significant influence on the result-
ing morphology of the rubble pile. As the shape of an
asteroid has a strong influence on its subsequent evolu-
tionary behavior, understanding the possible range of
shapes and system morphologies in the formation of a
rubble pile system is important.
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