
362 LPSC X V I I I  

INCIPIENT RUNAWAY GROWTH OF PLANETESIMALS: WHY THE BIGGEST BODIES 
WERE NOT ALL THE SAME SIZE; R. Greenberg and B. Rizk, Lunar and Planetary 
Lab, Univ. of Arizona. 

The character of the size distribution of the larger planetesimals 
during the early stage of planetary accretion probably controlled the style 
of subsequent planet growth. If the largest plantesimal was accompanied by 
many of nearly the same size, later growth would have been characterized by 
impacts among and coalescence of large bodies. If the largest body in any 
region was distinctly larger than others, accretion would have been a more 
quiescent process as this planetary embryo accreted the much smaller bodies. 

In the scenario of planet formation developed by Safronov (I), the 
largest bodies are all assumed to be the same size, i.e. the size 
distribution has a sharp upper cut-off. Because all the major planetesimals 
are about the same size, they grow at the same rate, thus maintaining a 
fairly sharp size cutoff at ever increasing size. This model also assumed 
that most of the mass of the system resided in the largest bodies, and 
consequently that the random relative velocity among the planetesimals was on 
the order of the escape velocity of the largest bodies. 

The numerical simulation of planet growth by Greenberg et al. (2) gave 
rather different results. An initially sharp cut-off rapidly evolved into a 
gradual slope as some bodies grew substantially larger than the original- 
sized bodies, even as the latter remained numerous enough to contain most of 
the mass of the system. (Bodies smaller than the original size make a 
negligible contribution to planet growth at this stage.) This incipient 
runaway growth occurred even for initial random velocity five times the 
originally largest bodies' escape velocity. 

That result runs contrary to predictions of particle-in-a-box continuum 
growth equations: 

where m is a large particle's mass, r is its radius, ve is its escape 
velocity (proportional to r), ? is the density of material in the 
planetesimal swarm, and v is the random velocity. If one body mA grows 
slightly larger than all the other bodies, each of mass mg, then with v=5veB 
we find 

According to that argument, the bodies of mass m~ would grow faster than m~ 
until the equality of large bodies is restored. 

How then could the incipient runaway have taken place? Greenberg (3) 
suggested that "stochastic accretion events might be expected to generate 
some spread in the large end of the distribution". Here we amplify and 
quantify that point: if all the signfficant particles are initially the same 
size, they must develop a spread in sizes. The continuum equations above are 
not relevant because mass accretion is in discrete units comparable in size 
to the growing bodies. For example, the very first impact between two 
planetesimals will produce a body twice the mass of the others. 

Instead of continuum growth equations, we consider equations for the 
rate of change of numbers of particles of each discrete size. For example, 
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the number of particles twice as massive as the original bodies increases due 
to coalescence of single unit bodies at the rate: 

where subscripts refer to the mass of the bodies in units of the original 
masses, and V is the volume of the system. Like Eq. (I), this equation is 
based on a particle-in-a-box estimate. An additional term not shown accounts 
for loss of two-unit bodies as they accrete into even larger bodies. 

Numerical solution of the full set of coagulation equations (similar to 
Eq. 3) for all sizes confirms the rapid dispersion of sizes that was shown in 
the more complete simulation (2), as well as the retention of enough 
original-size planetesimals to dominate the mass distribution. We have 
followed growth starting with 1 km bodies through formation of a body of 76 
mass units (4.2 km). As a body's size becomes much larger than the unit-size 
planetesimals, the continuum growth equations become valid. If we assume 
that the random velocities remain nearly constant (5vel) as in Ref. ( 2 ) ,  we 
can evaluate Eq. 1 and find that for subsequent growth the largest body r n ~  
grows faster than any other body mg greater than half its diameter: 

In other words, the process of discrete accretion carries the largest body to 
a size sufficiently greater than other planetesimals that it is past any 
tendency (Eq. 2) to equilibrate sizes. 

Discrete accretion explains why a size distribution with a sharp upper 
cut-off was probably not maintained during early accretion. This result 
suggests that a few planetary embryos may have been identifiable early on. 
However, it is also possible that these embryos' growth later stalled in 
isolated regions, allowing growth of many other similar sized bodies in other 
locations (4). Only in the latter case would late stage accretion have been 
characterized by violent, giant impacts (5). 
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