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INCIPIENT RUNAWAY GROWTH OF PLANETS: 
CRITICAL PHYSICAL PROCESSES 
R.A. Kolvoord and R. Greenberg, L.P.L., Univ. of Arizona, Tucson, Az., 85721. 

The intermediate stage of protoplanetary accretion, where sub-km sized bodies accrete 
into 500-1000 km diameter bodies, is critical in determining the character of subsequent 
evolution. Safronov (1972) posited that this accumulation occurred through "steady state" 
growth, where the largest bodies controlled (and stirred up) the random-velocity distribu- 
tion of smaller particles. This model led to gravitational cross-sections not much greater 
than geometric size and consequent slow growth (including untenably long timescales for 
outer-planet formation). Greenberg et al. (1978) discovered that, at least through the 
formation of 500 km planetary embryos, the small particles dominate the population and 
control the velocity distribution, keeping velocities much smaller and setting up the possi- 
bility of "runaway accretion", where the largest body is able to accumulate quickly a much 
greater mass and separate itself from the continuum of the size distribution. 

Planet formation models and simulations by various researchers appear to be converg- 
ing towards a consensus on how growth may have occurred, at least up to the emergence of 
a few dominant planetary embryos from the vast swarm of planetesimals, which is similar 
to the scenario described by Greenberg et al. (1978 and subsequent). While the results 
by various groups are similar in many ways, the approaches to simulation differ in many 
details, so an intercomparison is needed to understand the relation of assumed physical 
processes and computational approximations to the modeled evolutionary behavior of the 
system. 

Two physical processes that play critical roles in setting up growth are (1) gravitational 
encounters among planetesimals (including planetary embryos) and (2) mutual accretion 
among similar size bodies. Each process has been subject to a variety of interpretations 
in the literature. We consider the physics underlying the two processes and discuss some 
of the different formulations. 

In the Greenberg et al. model, the velocity stirring through random encounters is 
evaluated by calculating the change in relative velocity. In each two-body encounter, only 
the direction of the relative velocity vector changes, not its magnitude (see Kolvoord and 
Greenberg 1992). Thus there is a component to the velocity change that is perpendicular 
to the original relative velocity, and a second component (usually much smaller) that 
is parallel and opposite the original relative velocity. This second component is called 
"dynamical friction" in stellar dynamics because it is always directed opposite the relative 
motion. It is simply one component of the correctly calculated change of velocity during 
encounters. Wetherill and Stewart (1989, see also Stewart and Wetherill, 1988) call the 
first term "viscous stirring" and consider in detail the separate effects of "viscous stirring" 
and "dynamical friction". While this distinction may be of computational interest, the 
underlying physical processes are inseparable. Dynamical friction is a necessary part of 
accurately calculating the effect of encounters. Wetherill and Stewart correctly point out 
that this term has a significant effect. However, dynamical friction is not an independent 
physical process. Earlier models also included dynamical friction as an essential part of 
the effect of gravitational encounters. 

A detailed comparison of the algorithm of Wetherill and Stewart with the earlier one 
by Greenberg et al. shows them to be quite similar in form, though with slightly differing 
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coefficients (Kolvoord and Greenberg 1992). The source of the variation is somewhat 
difficult to track down, as the Greenberg et al. formulation is based on the physical model 
outlined above and the Wetherill and Stewart treatment is based on kinetic theory (an 
application of the work of Hornung et al. 1985). However, the difference is negligible to 
the level of uncertainty appropriate in planet formation models at present. 

Another primary driver of runaway growth is discrete accretion of similar-sized bodies 
which can produce initial seed bodies somewhat larger than the bulk of initial planetes- 
imals. The exact initial conditions for intermediate stage accretion are not well known. 
However, it is quite likely that there could have been a relatively narrow range of sizes 
produced after the initial coalescence of dust. In such a situation, the first few bodies 
to collide and accrete mass will have a natural advantage in further growth over their 
slightly smaller neighbors. In this way, the distribution naturally produces bodies that 
will ultimately grow much more quickly than the bulk of the mass. This point is borne out 
in numerical simulations of discrete accretion events (Greenberg and Rizk 1987; Kolvoord 
and Greenberg 1992), which gave growth similar to that found in Greenberg et al. (1978). 
In contrast, Wetherill and Stewart introduced a "seed body" in their initial distribution. 
They noted that the continuum equations for planetesimal growth forbid a few bodies in 
a unimodal size distribution from growing more quickly and separating from the pack. 
However, those equations are not applicable to the situation described above because the 
accretion events are discrete, not continuous. Individual events are very important in the 
very early stage, but they are not accurately modelled by the continuum equations. 

Planet formation models and simulations appear to be converging towards a consen- 
sus on how growth may have occurred, yet there is still considerable debate about the 
precise physical explanations. Models will improve only as we more clearly understand 
and describe the physics underlying the planetesimal growth process. 
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