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VARIETY IN PLANETARY SYSTEMS; George W. Wetherill, DTM, 
Carnegie Institution of Washington, Washington, D.C. 20015. 

Observation of circumstellar disks, regular satellite 
systems of outer planets, and planet-size objects orbiting 
pulsars support the supposition that formation of planetary 
systems is a robust, rather than a fragile, byproduct of the 
formation and evolution of stars. The extent to which these 
systems may be expected to resemble one another and our Solar 
System, either in overall structure or in detail remains 
uncertain. When the full range of possible stellar masses, 
disk masses, and initial specific angular momenta are 
considered, the possible variety of planetary configurations 
is very large. 

Numerical modeling indicates a difference between the 
formation of small, inner, terrestrial planets and the outer 
planets. The accumulation of 10 km diameter planetesimals 
into 1026-1029g "planetary embryos" proceeds by rapid runaway 
growth (1). The final size and the escape velocity of 
runaway embryos increases with heliocentric distance (2), 
whereas the gravitational binding energy of the Sun decreases 
with heliocentric distance. As a consequence, in the inner 
Solar System embryo escape velocities and resulting relative 
velocities are - 4 km/sec, considerably less than the 13 
km/sec Solar System escape velocity at 1 AU. Growing 
terrestrial planets will thus be trapped deeply within the 
Sun's gravitational potential well, and despite stochastic 
effects caused by close planetary encounters, will evolve in 
a relatively predictable way. 

On the other hand, at 10 AU, the situation is reversed. 
A one M~embryo will have an escape velocity of - 10 km/sec, 
well above the 4 km/sec Solar System escape velocity at that 
distance. Another difference is introduced by the thermally 
dependent condensation of volatile compounds and the ability 
of the large outer Solar System embryos to accrete nebular 
gas by gravitational capture. Growth of outer planets will 
thus be characterized by non-linear and quite possibly 
unstable competing tendencies of bodies to perturb one 
another into highly eccentric comet-like or hyperbolic 
orbits, or to experience damping of eccentricity by gas 
accretion and other gravitational interactions between 
massive embryos and nebular gas ( 3 , 4  ) . These gas-embryo 
phenomena will be critically dependent upon the relative 
timing of embryo growth and dispersal of the gaseous 
component of the disk. There could be a natural self- 
regulating process that frequently leads to planetary systems 
resembling our own. More likely, relatively small natural 
variations in the distribution of angular momentum, mass, and 
temperature in the disk, and the timing of loss of residual 
nebular gas will lead to a variety of outer planet 
configurations, that include systems containing - 4 gas 
giants, as well those containing nothing but failed ~upiters, 
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either in nearly circular orbits like Uranus and Neptune, or 
systems with large numbers of massive bodies in highly 
eccentric orbits. Investigation of neighboring planetary 
systems may recapitulate the experience of planetary 
exploration that each newly investigated one will be 
different in some important way. 

These differences in outer planet systems may also be 
expected to have significant effects on the associated 
terrestrial planets. Their morphological, atmospheric, 
chemical, and biological evolution is influenced by material 
transferred from the outer Solar System, as well as by 
asteroidal material accelerated into the terrestrial planet 
region by giant planet perturbations. 

This is illustrated by calculations that have been 
carried out of the expected terrestrial cometary bombardment 
history for several outer planet configurations (Table 1 ) .  
Systems in which - 15 Mg Jupiter and Saturn cores simply 
failed to capture significant quantities of nebular gas 
preserve a very large "Kuiper belt" reservoir of short period 
comets, resulting in a terrestrial cometary flux throughout 
geological time - 103 times greater than in our Solar System. 
In such systems "K-T boundary" impacts will occur on a - l o 5  
year time scale. The volatile inventory of such planets 
could differ greatly from that of Earth. Smaller, but still 
significant increases in terrestrial impact rates are found 
for systems in which Jupiter and Saturn have their present 
mass, but the masses of Neptune and Uranus are only one Mg.  
It may be speculated that the habitability of Earth for 
highly evolved organisms is dependent not only on terrestrial 
planet configurations, but on those of the outer Solar System 
as well. Perhaps it should be expected that we have a 
Jupiter: otherwise we wouldn't be here. 

Perihelion passage rates of short period comets at 1  AU 
(arbitrary units) 

Time before present (m.y.): 
0-3500 3500-4000 4000-4500 

present solar system 3 . 6  i 0 3  3 . 8  x l o 4  1 . 9  x l o 7  
"Failed" Jupiters in 3 . 9  i 0 6  4 . 9  l o 7  7 . 3  x l o 8  
low eccentricity - 
orbits 
1  WNeptune and 6 . 1  x l o 4  1 . 3  x l o 5  8 . 4  x l o 5  
Uranus 
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