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Current models of the early history of the solar system require evolution 
by collisional accretion of planetesimals into bodies comparable in size to 
the earth. Earlier theories had suggested that planet-sized objects might 
have formed as a result of turbulent vorticity which concentrated solid mate- 
rial at certain locations in the solar nebula (e.g. 1) or as a consequence of 
gravitational instabilities which would accompany the flattening of solid 
material into a disk (2). Goldreich and Ward ( 3 )  have shown that such effects 
produce planetesimals only a few kilometers in size. 

How, then, were planet-sized bodies built from these planetesimals? 
Safronov (4) suggested that mutual collisions caused coagulation of clusters 
of these small bodies. The larger bodies then swept up the smaller ones within 
their gravitational cross-section and scattered other planetesimals onto orbits 
which permitted later accretion. Weidenschilling (5) hypothesized that Jupiter 
grew earlier than the terrestrial planets because low temperatures might have 
led to condensation of relatively sticky H20 and NH3 ices. He suggested that 
Jupiter may have played some role in promoting accretion of terrestrial planets 
by inducing relative velocities between planetesimals and thus increasing the 
accretionary flux on the growing bodies. Weidenschilling (6) and Kaula and 
Bigeleisen (7) have proposed models in which planetesimals scattered by 
Jupiter have different effects on each of the early terrestrial bodies and 
account for important differences in observed physical properties. In these 
models the scattering is due to close encounters with Jupiter. 

Another source of enhanced relative velocities would have been resonances 
between the orbits of planetesimals and Jupiter. The possible importance of 
such resonances was stressed by Safronov (4, p. 89) and by Kuiper (8). An 
orbit-orbit resonance occurs when a particle's orbital period is near a small 
whole-number commensurability with the period of the perturbing planet. Re- 
petitive mutual configurations induce a forced eccentricity in the particle's 
orbit, the magnitude of which increases with decreasing distance from the 
exact commensurability (cf. 9). Similar effects ("secular resonances") occur 
near commensurabilities of precession periods as well. 

It is conceivable that resonances play a crucial role in determining the 
relative velocities and hence the collision probabilities for the initially 
small planetesimals and even for those which achieve gravitational signifi- 
cance. Thus the locations of resonances might have favored growth of planets, 
if the enhanced collision probabilities are considered. On the other hand, 
the high relative velocities might have led to catastrophic fragmentation 
rather than accretion at these positions. Perhaps growth was favored just 
adjacent to the resonance positions where collisions were reasonably frequent 
but velocities were not too high. Several properties of the present planetary 
distribution suggest that an accretion model governed by resonances may be 
relevant. The asteroid belt spans orbital radii which correspond to the im- 
portant low-order commensurabilities with Jupiter's period; this belt is a 
region in which planetesimals were apparently unable to grow to sizes greater 
than 1000 km. Within the belt the density distribution appears to be governed 
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by resonances, with either gaps or concentrations at commensurable distances. 
The distribution of the outer planets shows striking near-commensurabilities 
between adjacent planets; satellite systems contain a statistically significant 
excess of resonances; and the structure of Saturn's rings appears governed by 
resonances with other satellites. The terrestrial planets do not exhibit such 
striking mutual commensurabilities, but this might be explained by the shift 
in resonance positions which would have occurred in the presence of the early 
disk of material, just as resonances may be shifted in Saturn's rings (10). 

The theory of resonances is a well-studied area of celestial mechanics so 
that computation of forced eccentricity is a straightforward procedure. How- 
ever, a significant forced eccentricity at a given semi-major axis does not in 
itself imply enhanced relative velocities, because close particles undergo co- 
herent perturbations: the apsides corresponding to the forced eccentricities 
are aligned in such a way as to minimize collisions. Only those particles in 
a very narrow band near the exact resonance have large enough forced eccentri- 
city that their radial excursion reaches particles whose motion is not coher- 
ent with their own. The particles in this narrow band transfer random motion 
to other particles in the vicinity through collisions. These collisions could 
rapidly deplete the population of resonant particles unless new material is 
fed into the resonance zone. This material might be either the scattered prod- 
ucts of the collisions or material which has undergone secular variation of 
semi-major axis by drag or radiation effects. The stirring effects of reso- 
nant particles would work against the tendency of gas drag and most collisions 
to reduce random relative motion of particles. 

The classical techniques of celestial mechanics are inadequate to deter- 
mine alone how the resonant particles affect the growth process. A theory must 
contain some model of the outcome of collisions as a function of mass ratio and 
relative velocity at impact. The results of a collision may be expected to 
fall in one of four general domains: (i) Low-velocity collisions in which ob- 
jects rebound without changing mass. The relative velocity is substantially 
reduced, especially if objects have regolith surfaces, according to experiments 
by Hartmann (11). The maximum velocity for this domain may be roughly esti- 
mated as that for which seismic waves are barely able to propagate impact dis- 
placement fast enough to keep strains below the fracture limit. For competent 
rock we estimate the maximum velocity is -10 m/sec which is consistent with ex- 
perimental results (11); for early solar system material it would probably be 
much less. If the surfaces are coated with a loose regolith, some material 
might be ejected by "jetting" at even lower velocities. (ii) For higher veloc- 
ities, cratering or local chipping will occur. Hypervelocity impact experi- 
ments using semi-infinite targets (12) show mass removal to be K x  (impact 
energy) where K ranges from -8 sec2/km2 for basalt to -225 sec2/km2 for sand 
targets. For early solar system material an intermediate value would be appro- 
priate. Until experimental results for lower velocities and other mass ratios 
become available, and given uncertainty in the appropriate K, it is reasonable 
to assume that mass removal is independent of impact velocity and that for 
impact of comparable masses, half the energy is delivered to each body. The 
ejected material might be expected to follow roughly a power law cumulative 
mass distribution with -2/3 exponent (13) or, if the material of the original 
bodies is unconsolidated, the ejecta would have the size distribution of that 
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material. Information on ejecta velocities is sparse, but interpolation be- 
tween results of Gault et al. (14) for basalt and Stoffler -- et al. (15) for 
sand suggests most ejecta has velocity -1% of impact velocity. (iii) For still 
higher impact velocities, the energy per unit volume delivered to the smaller 
body will exceed the limit of catastrophic failure ("impact strength") of the 
material. For rocky material we estimate this parameter to be -3 x lo7 ergs/ 
an3 based on experiments by Hartmann and others. Hartmann (11) obtains -lo5 
ergs/an3 for "dirt clods" which may* be a more relevant material for this study. 
The debris may roughly follow a power law cumulative distribution of exponent 
-2/3 for barely catastrophic fracture, with exponent approaching -1 for ener- 
gies several times the critical value (13). The velocity and size distribution 
of shattered debris is presently under experimental study (11). (iv) Finally, 
for sufficiently high velocities, the energy density delivered to each body 
exceeds the catastrophic limit, so that both shatter catastrophically, as the 
small one did in case (iii). 

In each of the four domains there is the possibility that the velocities 
after impact are insufficient to overcome the gravitational binding energy. 
Thus accretion is possible. 

We are developing a computer simulation of these processes which will 
operate on a given initial population of planetesimals distributed in mass, 
orbital semi-major axis, and random velocity (orbital eccentricity and inclina- 
tion). In a series of time steps, the program takes into account the dynamical 
effects of resonances to compute collision probabilities between pairs of 
points in the distribution and redistributes a corresponding portion of the 
population according to the collision outcomes described above. The evolution 
simulation will include effects of regolith formation, stirring of velocities 
by the larger particles, damping of velocities by gas drag, secular variation 
of semi-major axes, random collisions between the large bodies, and a high 
velocity component of the population representing material scattered from the 
Jupiter zone. Computer experiments will help determine which of these effects 
and what ranges of parameters and initial conditions are essential for the 
growth of planets. The program will be used to study collisional evolution in 
Saturn's rings and in the asteroid belt as well as in the planet-building 
process. 
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