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Introduction: Most  kilometer-sized  asteroids  are 
likely rubble-piles. Many comets may also be strength-
less or nearly strengthless bodies, their fragility demon-
strated when they break up far from perihelion for no 
obvious reason. One comet was observed shortly after 
it  broke up for  a  very obvious reason:  Comet Shoe-
maker-Levy 9  (SL9)  made a  spectacular  plunge into 
Jupiter  following a  close  approach  two  years  previ-
ously, that disrupted the original progenitor into at least 
21 detectable pieces. Tidal disruption by Jupiter is not 
unusual  in the lives  of  short-period  comets,  as  evid-
enced  by  numerous  crater  chains  on  Ganemede  and 
Callisto,  but  having  a  detailed  history  of  this  one 
comet's fateful orbit we can infer something about the 
uncertain physical properties of comets.

A number of  researchers  have  performed simula-
tions of the SL9 tidal disruption with the hope of con-
straining the progenitor’s size,  bulk density,  strength, 
shape, and spin state. For initial conclusions about SL9 
see [1-4] and for a more general study of tidal disrup-
tion  of  rubble-piles  see  [6].   In  [3,4],  Asphaug and 
Benz explored in some detail the strength parameter, 
and concluded that the only way a comet on a nearly 
parabolic orbit with a perijove of 1.31 Jupiter radii can 
be  broken  up  so  thoroughly  is  if  it  were  virtually 
strengthless,  even  in  comparison  with the  minuscule 
tidal forces and its own self gravity. While the primary 
conclusion of their analysis was that SL9 and the split 
comets forming catenae craters on Ganymede and Cal-
listo were rubble piles, they were also able to constrain 
the  progenitor's  bulk  density  with an  upper  limit  of 
~0.7 g/cm3 in the limit of no friction. If  the specific 
density of cometary materials is ~1.65 g/cm3 [5] then 
this means a porosity of 60% or greater. This porosity 
has been attributed to microscopic voids (e.g., snow); 
macroscopic agglomerations (rubble piles), or fractal-
like combinations.  

Methods:  Any numerical  simulation of  tidal  dis-
ruption of complex aggregate solids under these very 
low stresses must make certain simplifications. Numer-
ical  aggregate  models  using spheres  are  the simplest 
and most computationally efficient. Asphaug and Benz 
[3,4] used up to 2000 uniform, frictionless spheres, de-
scribed by mass, radius, and a softened restitutive po-
tential. With advances in computing power a trend is 
emerging of applying models and methods of granular 
dynamics to the rubble-pile environment, paying more 
attention to accurate modeling of the individual grain 
constituents, including the effects of friction and non-
spherical  shapes.  For examples of these methods see 

[7-10]. The adoption of assemblages of polyhedra [10] 
is required to obtain realistic angles of repose of a stat-
ic pile, and leads to grain bridging, dilatation and shear 
localization which may be influential in the tidal dis-
ruption of rubble piles. We employ a new Discrete Ele-
ment Model (DEM) based on a commercial physics en-
gine [11] to revisit the SL9 event. Our code uses ran-
domly generated shapes instead of spheres for the indi-
vidual grains, simulating as many as 10,000 rigid bod-
ies with arbitrary shapes, and individual coefficients of 
friction and restitution. Cohesion is supported but has 
not yet  been tested in this application at  the time of 
writing.  

Preliminary Results: The inclusion of coefficient 
of  restitution and intergranular  friction,  and irregular 
granule shape, creates a larger parameter space that we 
have begun to explore, with initial results for the bulk 
properties of comets. 

We find that non-spherical grain shape has an im-
portant effect on the overall behavior of a rubble pile 
undergoing tidal  shear,  by introducing the  effects  of 
grain locking,  dilatation and localization.  Fig.  1 and 
Fig. 2 show the effects of identical tidal encounters on 
identical  progenitor  bodies,  simulated  as  spherical 
grains  (a)  and  as  randomly generated  polyhedra  (b). 
The spheres-based body has the dynamics of an incom-
pressible fluid, starting to clump later in its orbit (due 
to  gravitational  instability)  than  the  polyhedra-based 
body which begins forming aggregates by grain lock-
ing. The spheres-based body ends up with one central 
clump and  numerous  small  clumps,  while  the  poly-
hedra-based body has a small number of more massive 
clumps.  

We  also  model  spheres-based  bodies  with  and 
without friction, and find that the inclusion of friction 
can significantly delay the disruption of a rubble-pile 
body and alter the process of deformation. In Fig. 3 the 
results of identical tidal events on identical progenitor 
bodies are shown, using (a)  no inter-granular friction 
and (b) a friction coefficient of 0.2. Friction delays the 
onset  of disruption and thereafter  enhances clumping 
by increasing the stress threshold for deformation. 

Using spheres-based bodies with friction we simu-
lated a ~1 km radius body following the 1992 orbit of 
SL9. In all simulations the grains were given a coeffi-
cient of friction of 0.5 and a coefficient of restitution of 
0.8 [12]. Including friction, a bulk density 0.5 g/cm3 is 
too high for break-up into a dozen or more equal mass 
clumps.  Our initial conclusion is that the estimate of 
comet density based on frictionless spheres [3,4] may 
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be too high, and we obtain good fits using  ρ~0.3-0.5 
g/cm3.

Discussion:  Comets may be rubble piles, but they 
are probably not collections of polyhedra.   What we 
present here is a model that introduces several import-
ant  aspects  of  granular  physics:  friction,  restitution, 
grain locking, and dilatation.  Asteroids are also tidally 
disrupted by Earth before impacting the Moon, and the 
Lunar  Reconnaissance  Orbiter  has  already  observed 
one relatively fresh crater chain (V. Bray, pers. comm.) 
caused by the disruption of an Itokawa-sized (~300 m) 
asteroid.  These ‘x rays’ of rubble pile comets and as-
teroids are the best  data,  short  of a  seismic or  radar 
imaging experiment, to reveal the internal structures of 
small bodies.  Movies and images of our results in pro-
gress  can  be  found  at 
http://es.ucsc.edu/~nmovshov/comets.  
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Figure 2: A frame of the same simulation as Fig. 1,  
shortly after perijove.

Figure 3: Comparison of tidal breakup of a comet sim-
ulated with (right panel) and without (left panel) inter-
granular friction.

Figure 1: Comparison of tidal breakup of a comet sim-
ulated with different grain geometry, a few hours after  
perijove.. The left panel shows a simulation using uni-
form spheres. The right panel is from an identical sim-
ulation using randomly generated 12 sided polyhedra.  
Red circles denote clumps of 3 or more grains.
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