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DISC TIDES AND THE FORMATION OF GIANT PLANET CORES. William R. 
Ward, Jet Propulsio~l Laboratory, Pasadena, CA 91109 

The giant planets are believed to have accreted their gas compliment 
from the solar nebula through a nucleated instability process [I]. This 
instability is triggered by the presence of a core of ice and rock of 
critical size - some 15-25 earth masses. The cores themselves are thought 
to develop from ice and rock debris through impact accretion in a manner 
similar to that envisaged for the terrestrial planets. Although the gas 
accretion process is rapid [i.e. , - 0(105 yrs) ] , core growth is not, 
requiring an estimated - 10' yrs [2]. This interval far exceeds estimates 
[3,4] of the nebula's lifetime, - 0(10~-~ yrs); leading to a time scale 
dilemma. 

However, the impact accretion process can be broken into two stages 
with widely different timescales: There is an early episode of runaway 
growth, when the collisional cross section of the core is greatly enhanced 
by gravitational focussing [5] . With a nominal value of ad - 4 gm/cm2 for 
the surface density of ice and rock in the Jovian zone, runaway accretion 
can produce earth-sized objects in - 0(10=-~ yrs) . This process terminates 
when an object has swept out a zone of width equal to a few Hill radii 
[6,7], which sets a runaway limit of M r u n a w a y  - 31 / 4 (8n~,r~/~,)~/~~, = 2-3 
earth masses. This is followed by a slow end-stage that requires most of 
the total time. The extremely long accumulation time during end-stage is 
due to the low collision probabilities associated with the large 
eccentricities and inclinations thought to characterize the process. 

Lissauer [8] has pointed out that the runaway mass limit could be 
extended to full core size by assuming a 5-10 fold increase in the disc 
surface density. This side-steps the time scale problem, but puts an 
overabundance of material into the system, which must subsequently be 
eliminated. Furthermore, recent numerical experiments by Boss [9] indicate 
such high surface densities are difficult to achieve during nebula formation 
unless the disc is quite massive, i. e. , Mdi - O(M,). Alternatively, 
Stevenson and Lunine [lo] have proposed a diffusion mechanism that 
concentrates ice in a relatively narrow (-0.5 A.U.) band near the water 
condensation boundary. This increases ad locally and extends the runaway 
limit in the Jovian zone, while avoiding excess mass overall. 
Unfortunately, this leaves Saturn as a separate, unsolved problem. 

While these schemes cannot be ruled out, they are probably unnecessary. 
The runaway limit assumes a protoplanet becomes isolated in a nearly 
stationary orbit. On the contrary, there is good reason to believe that a 
large object may suffer appreciable orbital drift due to tidal interactions 
with the nebula [10,11,12]. Interactions occur primarily at Lindblad 
resonances; i.e., disc locations where the epicycle frequency equals the 
Doppler shifted frequency of a given Fourier component of the protoplanet 
disturbing function. The disturbances in the disc take the form of spiral 
density waves and the attraction of the perturber for this configuration 
gives rise to a torque. The torque on the protoplanet is positive 
(negative) for inner (outer) resonances. Although to first-order accuracy 
inner and outer resonances oppose each other, disc asymmetries result in a 
non-zero differential torque [lo]. Current modelling efforts [12] yield a 
net negative torque implying the orbit decays in a characteristic time 
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where M and M, are the protoplanet and solar masses, r and n are the orbit 
P 

radius and mean motion, a is the gas surface density, c is the gas sound 
8 

speed and Ca is a dimensionless constant 5 O(10) that is determined from the 
specific disc model. Like solid body tides, disc torques are proportional 
to the square of the perturber mass so that larger objects drift faster. 
This prevents isolation of runaway planetesimals. The time scale for a 
protoplanet to encounter smaller, slower moving material with cumulative 
mass equal to its own is of order 

- 1  - For a solid to gas ratio of - eqn (2) yields r - 8 X lo5 Ca a 
3'2 (0~/4gm/cm~)-~ (T/IOO'K) years where a is in A.U. and T is the disc 
temperature. For nominal values, this interval is comfortably within the 
survival time of the disc. 

Although encounter dynamics can be quite complex, this additional 
degree of mobility suggests that accretion runaway will not be limited by 
exhaustion of local material and largely removes the motivation for 
postulating an enhanced surface density. Furthermore, the mechanism is not 
peculiar to the Jovian zone. Orbital decay of a core achieving critical 
size is presumably aborted by local clearing of the nebula at the onset of 
its gas accretion phase. 
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