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The story of how planets form is still a mystery, even though two main theoretical models, 
core accretion and disk instability, have been proposed to explain these popular phenomena 
in galaxies. According to current theories, in our Solar System, terrestrial planets are results 
of a chain of violent collisions, slowly form close to the Sun and miss out on a thick 
atmosphere. Beyond the snowline, solid core can be form quickly thanks to water ice, then 
pull in a thick gas envelope. These gas and ice giants are expected to form far from their host 
stars. However, observational results of exoplanets, especially hot Jupiters - a Jupiter sized 
exoplanet is much closer to its host star than our Jupiter does, suggested something was 
seriously amiss with the theory. Another example of “strange” arrangement is orbital 
resonance. This happens when the lengths of their orbits are in a ratio of small whole 
numbers. Pluto, for example, orbits the sun two times for every three orbits of Neptune. It’s 
highly unlikely that they just happened to form that way, so they must have drifted into that 
position, where they were locked in by the extra stability. These empirical evidences arouse a 
possibility of migration.  

 
Planets are natural by-products of the star formation process, form around the protostar when 
the disk is still largely gaseous. Gravitational instability is thus likely to occur early when 
protoplanetary disks are still massive and at large radii (typically a few percent or more of the 
stellar masses). The disk may settle into a quasi-steady, saturated state of self-gravitating 
turbulence in which trailing spiral arms yield an outward transport of angular momentum via 
gravitational torques. Or, it may fragment and break up into distinct bound objects. On the 
other hands, previous research has considered clumps in unstable disks as a way of forming 
giant planets. But we do not know if these disk instabilities affect smaller planets undergoing 
type I migration (or may halt this quite fast process) since other simulations assumed a fairly 
light disk (e.g. 0.005 solar mass in Ayliffe et al. 2010) where no structure was shown.  
 
To investigate this issue, we have utilized ChaNGa, a SPH code with 1e6 particles to 
simulate different degrees of stability of a 0.05 solar mass protoplanetary disk by changing 
cooling rate, shown in Figure 1 and 2. Then, we grew a planet seed to 0.01 Jupiter mass in 
about ten orbits at 5 AU, and let it interact with the gas disk and migrate.  All of these disk 
remains mostly the same surface density profile, and much higher than the Minimum Mass 
Solar Nebula (dotted line in the middle plot of Figure 2).  



The most stable case, 𝛽 = 20 presents limited structure of spirals, corresponding to Q > 2 
(blue line in Figure 2). The planet embedded into this disk obeys well the estimation from 
Tanaka et al 2002 (blue dashed line in Figure 3). The disk of 𝛽 = 13 shows obvious spiral 
patterns but has not fragmented yet. In this case, the Toomre Q parameter (green line in 
Figure 2) is lower than 1 at middle regions, suggesting semi-unstable status of the disk. The 
third level of the disk instability is the existence of clumps in the outer regions, far from 
planet’s position while the inner regions remain quasi-steady. The Toomre Q profile could 
illustrate the variation in this 𝛽 = 11.5 disk in Figure 2 (red line): Q drops to less than 1 at 
outer edge and approximates the critical value in surrounding the planet. In both cases of 𝛽 = 
13 and 11.5, the planet’s migrating paths (green and red lines in Figure 3) show a deviation 
from the corresponding expected timescales, which can be explained by strong interaction of 
massive gaseous disk with the planet. In the last case - the extremely unstable disk 𝛽 = 10, 
gravitationally bound clumps are triggered at early stage and close to the planet (bottom right 
image in Figure 1) due to fast cooling process and leave hollow regions in the outer disk. 
That causes the rise in Toomre Q profile at distance of 10 AU. As expected, scattered by the 
clumps, the planet is stroke out and cannot migrate toward the star.  
 
 

 
Figure 1. Surface density distribution of different disk structures due 
to cooling rate parameter. From top to bottom, left to right, 𝛽 = 20, 
13, 11.5, 10, in matching colors with Figure 2, blue, green, red, 
magenta, respectively  

 
Figure 2. Disk profiles of different 
cases relevant to Figure 1. From top 
to bottom, Toomre Q, surface 



density, temperature in radial 
distribution. 

 
Figure 3. The evolution of planet orbital in different disks and relevant estimated timescales 
(dash lines) in Tanaka et al. 2002, in matching colors with Figure 2.  
 
 
 


