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NUMERICAL INTEGRATIONS OF THE ACCRETION OF PLANETARY EMBRYOS 
J. E. Chambers and G. W. Wetherill, Department of Terrestrial Magnetism, Carnegie Insti- 
tution of Washington, 5241 Broad Branch Road NW, Washington DC 20015, USA. 

We present the results of long-term (up to 107-year) N-body integrations of systems 
of planetary embryos undergoing orbital and collisional evolution. The embryos represent 
the end products of the runaway growth stage of planet formation [1,2], and initially have 
widely-spaced non-crossing orbits. Long-range perturbations between embryos rapidly drive 
up the orbital eccentricities, e, until each object crosses the orbits of several neighbours and 
collisions between embryos occur. Perturbations continue to increase e, despite collisional 
damping, so that the system never returns to a state in which the embryos are isolated from 
one another. This behaviour remains essentially unchanged when up to 50% of the total 
mass is in the form of low-mass objects representing bodies that failed to be accreted by 
embryos during the runaway-growth stage. 

We have performed 3-dimensional N-body integrations of systems of planetary embryos, 
with initial orbits that are circular, approximately co-planar and separated by 7 mutual Hill 
radii. The masses of the embryos are chosen such that the surface density of material is 
l O g ~ m - ~  at 1 AU and varies inversely with heliocentric distance; thus embryos near 1 AU 

have a mass 6 x g. The orbital spacing is roughly twice that which would be required 
to render any pair of objects stable with respect to close encounters if no other objects were 
present-i.e. the embryos are initially isolated [3]. 

Long-range perturbations between embryos rapidly overcome this isolation, however, on 
a timescale that depends exponentially on the initial orbital separation [4]. Throughout 
the subsequent evolution mutual secular perturbations drive large-amplitude oscillations 
in e and the inclination, i, of the embryos, especially at the inner edge of the disk, where 
collisions may become destructive rather than accretional, even for the largest embryos. The 
mass-weighted eccentricity, e, and inclination of the system increase monotonically, despite 
damping caused by collisions, until by lo7 years E N 0.15 and e N 0.5 for the smallest bodies. 
Thus, once the runaway bodies evolve onto crossing orbits they never return to a stage in 
which they are isolated from one another. 

It has been suggested [5] that the presence of small bodies left over from the formation 
of runaway embryos will damp the eccentricities of the larger embryos via equipartition 
of random energy ("dynamical friction") and prevent the runaway objects from evolving 
onto crossing orbits. We have investigated this hypothesis using numerical integrations of 
systems of up to 10 embryos, with initial orbits similar to those described above, embedded in 
a swarm of bodies each 100 times less massive than a typical embryo. Instead of prolonging 
embryo isolation we find that close encounters with the smaller bodies induce a random 
walk in the embryos' semi-major axes, reducing the time required to evolve onto crossing 
orbits, even when 75% of the total mass is contained in small bodies. 

Once the embryos have crossing orbits their subsequent evolution is only weakly affected 
by the presence or absence of these small bodies, with e being slightly lower in the former 
case. Thus the inclusion of smaller bodies does not appear to alleviate the problem of why 
the terrestrial planets currently have very low eccentricities and large spacings. 
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Figure 1: The configuration after lo7 years of a system initially consisting of 32 plane- 
tary embryos on circular, almost-coplanar orbits separated by 7 mutual Hill radii, with 
semi-major axes 0.55 < a < 1.84 AU. The system begins with surface density inversely 
proportional to heliocentric distance and equal to l ~ ~ c m - ~  at  1 AU. Each circle represents 
a surviving embryo, whose mass is proportional to the area of the circle-the largest body 
has a mass of 0.6Me. The horizontal bars depict the heliocentric range of each embryo's 
orbit. Note the large eccentricities---each object crosses the orbits of several others. 
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