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The tidal disruption of Comet Shoemaker-Levy 9 (SL-9) after passage well within the 
Roche limit of Jupiter can be used to set an upper bound on the mean density of the pre- 
disruption body: if the body was dense enough, its self-gravity would have prevented the 
divergence of the tidally-fractured rubble. Assuming a perijove radius of r p  = 1.62RJ, 
where R J is Jupiter's radius, the theoretical upper bounds range from a mean density 
p, < 0.702 g ~ r n - ~  for a simple analytical model that agrees with numerical (SPH) 
simulations, to p, < 1.50 g cm-3 for a more detailed semi-analytical model. Because 
these upper bounds are proportional to ( 1 . 6 2 R j / r ~ ) ~ ,  an accurate determination of r p  
is necessary in order to constrain the mean density by this mechanism. If rp ff 1.62, the 
theoretical models imply that prior to disruption, Comet SL-9 was not a body with p > 2 
g cm-3 (e.g., an asteroid). 
INTRODUCTION. Comet SL-9 appears to have been tidally disrupted into multiple 
pieces following a close encounter inside the Roche limit of Jupiter [I]. While the pre- 
disruption body evidently had little tensile strength [2], the fact that the resulting pieces 
were able to emerge on independent orbits requires that the self-gravity of the comet was 
too weak to hold a rubble pile together, i.e., the mean density could not have been too 
large. Previous theoretical models of tidal disruption [3,4,5,6] can then be used to place 
an upper bound on the mean density of Comet SL-9 prior to disruption [7]. Cometary 
densities have been estimated on the basis of outgassing rates and non-gravitational 
orbital perturbations to be significantly lower than that of solid ice, implying a high 
porosity [8]; specific estimates include 0.6 g cm-3 [9] and even 0.3 g cm-3 [lo]  for Comet 
Halley. However, because of the likelihood of large errors in the quantities used to derive 
estimates based on outgassing, the error bars for Comet Halley probably range from 0.03 
to 4.9 g cm-3 [Ill .  The tidal disruption of Comet SL-9 potentially offers a tighter upper 
bound on the mean density of a comet, provided the theoretical models can be refined 
and the perijove radius can be determined. 
ASSUMPTIONS. Numerical and analytical models of tidal disruption [3,4,5,6] agree that 
tidal disruption is possible during a close encounter with the primary body provided that 
four criteria are met: (1) the mass of the secondary body is much less than that of the 
primary, (2) the pericenter radius (rp) is well within the Roche limit, (3) the velocity at 
infinity is small (i.e., the orbit is nearly parabolic), and (4) the dynamical lrlotions are 
not dissipated. For Comet SL-9, the first two criteria are certainly met, and the latest 
orbital solutions imply that the pre-disruption orbit was bound to Jupiter, so that the 
third criterion is also fulfilled. While the viscosity of cometary ice is high enough to 
strongly dissipate fluid motions, for a tidal encounter a comet should react as an elastic 
rather than a viscous body. This follows from comparing the hlaxwell time TM = pv/p 
(p = density of secondary, Y = kinematic viscosity, p = modulus of rigidity) to the 
encounter time, which is about l o 4  s for Jupiter. An elastic body description is justified 
[6] if TM > l o4  s. For a comet, p 1 g ~ m - ~ ,  v >> 1014 cm2 s-l, and p - 3.5 x 10'' 
dynes ~ m - ~ ,  so that r M  >> 3 x l o 3  ST This means that the close encounter occurs so 
quickly that the comet cannot adjust to the changing tidal forces through viscous flow, 
and instead will tidally fracture and behave similar to an elastic rubble pile. 
THEORETICAL CONSTRAINTS. Three different approaches have been taken to study- 
ing the tidal disruption problem, and each yields its own theoretical upper bound on the 
mean density [7]. All three yield constraints of the form 
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where p, is the upper bound. An analysis of the scattering of fragments following the 
encounter [3] produced p, = 0.934 g ~ m - ~ .  A simple analytical model [4,5], calibrated 
by the results of detailed smoothed particle hydrodynamics (SPH) simulations of the 
tidal disruption of lunar-sized bodies by the Earth (see Fig. I), yielded p, = 0.702 g 
~ m - ~ .  A semi-analytical model of the tidal disruption of small fluid bodies [6] leads to - - 
p, = 1.50 g ~ m - ~ . .  All three of these estimateshave been normalized to an assumed 
perijove radius of r p  = 1.62RJ [2,12]. Because of the strong dependence of these upper 
bounds on rp ,  the largest uncertainty in the upper bound may be due to the uncertainty 
in the perijove radius. However, there is also a large uncertainty due to the factor of 
two difference between the two extremes for the theoretical models. This uncertaintly 
presumably could be reduced by a concentrated effort, such as the use of an SPH code 
to study more precisely the physics of a comet being disrupted by Jupiter. Such a more 
precise determination should also take into account the likelihood that the pre-disruption 
comet was significantly non-spherical and rotating. 

Fig. 1. Tidal disruption of a lunar-sized body by the Earth as calculated by an SPH code 
[5]. This calculation provides a heuristic analog for the tidal disruption of a comet by 
Jupiter. Note that the secondary body is tidally distorted into a string-like configuration, 
similar to the 'string of pearls' appearance of Comet SL-9. 
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