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Introduction: The formation of the solar system’s gas giant 
planets appears to require that the solar nebula was massive 
enough at some phase to become at least marginally gravitation-
ally unstable (MGU), whether the giant planets formed by core 
accretion [1] or disk instability [2]. Previous models have shown 
that such a MGU disk is capable of the rapid radial transport of 
gas and small particles both inward and outward [3,4], as well of 
the rapid homogenization of isotopic spatial heterogeneity asso-
ciated with isotopic injection from, e.g., supernova shock waves 
[5,6]. The previous models used a color field equation to follow 
the trajectories of gas particles and dust grains small enough to 
remain coupled to the gas. Here we present the first results of 
MGU disk models where the particles are represented as finite-
size bodies that interact with the disk gas by gas drag [7], while 
moving on Keplerian orbits, subject to the gravity of the protosun 
and of the simultaneously evolving MGU protoplanetary disk.   

Models: Three new sets of 3D MGU disk models with parti-
cle sizes ranging from 1 mm to 1 m have been computed, or are 
currently underway, for disks with sizes of either 1 to 10 AU or 
10 to 40 AU. The particles orbit in the disk midplanes. In order to 
speed the disk evolutions, the initial disk temperature distribu-
tions are held fixed, while the disk gas evolves temporally in 
three spatial dimensions, allowing the 10 AU disk models to be 
followed ~1,000 yrs in time and the 40 AU disk models for  
~10,000 yrs.  

Results: For the 10 AU disks, particles with sizes of 1 mm, 1 
cm, or 10 cm that are initially close together can remain close 
together for 100s of yrs, exhibiting “closed system” behavior, 
while clumps of 1-m-sized bodies tend to disperse on these time 
scales. For all sizes, a large fraction of the trajectories move ei-
ther outward to the outer grid boundary, or inward to the inner 
grid boundary, on the same time scales. Individual particles can 
move inward and outward in the disk repeatedly on eccentric or-
bits, sampling a wide range of nebular densities and tempera-
tures. For the 40 AU disks, particles initially distributed through-
out the disk’s radial extent tend to either migrate to the outer disk 
boundary, or hover on orbits around 25 AU, with the smaller par-
ticles often migrating to the inner disk boundary at 10 AU, over 
time scales of 1000s of yrs. 

Conclusions: These models imply that MGU disks may ex-
plain the cosmochemical facts that small, refractory grains can be 
transported outward to great distances [8], and can even make 
long, strange trips back and forth throughout the nebula [9].  
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