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Abstract

Non-Isothermal  disks  have  been  shown  to  have 
regions where the net torque on a planet is positive, 
leading to outward migration of the planet. When a 
region  with  negative  torque  is  directly  exterior  to 
this, planets in the inner region migrate outwards and 
planets  in  the  outer  region  migrate  inwards, 
converging where the torque is zero. We incorporate 
the  torques  from  an  evolving  non-isothermal  disk 
into an N-body simulation, and find that the bodies 
do converge to the zero torque region, but effects of 
neighbouring  planets  prevents  the  planets  from 
merging.  Though  N-body  interactions  prevent 
complete merging to form one core, the addition of a 
weak stochastic  force  to simulate turbulence  in the 
disk allows for orbit crossings and mergers near the 
convergence zone. In this way, it is possible to move 
from the  sub-Earth  mass  regime  into  the  10  Earth 
mass planetary core regime in 2-3 million years. 

1. Introduction

The formation of gas giant planets via core accretion 
requires that planetary embryos grow into planetary 
cores via collisions [7]. These cores must form early 
enough in the lifetime of the gas disk that enough gas 
is present to accrete onto the planetary core to form a 
giant  planet.  A  turbulent  disk  leads  to  planetary 
embryos undergoing a random walk,  thus avoiding 
uninhibited  type  I  inward  migration,  while  also 
leading to collisions between embryos [2]. 

Paardekooper  and Mellema [5]  showed that  a non-
isothermal disk can stop inward migration and even 
lead to outward migration in regions of high opacity. 
Lyra et al. [1] built on this finding, investigating how 
single planets migrate in an evolving non-isothermal 
disk,  incorporating  photoevaporation  and  stellar 

wind. They found that bodies from a wide range of 
initial radii migrate towards the zero-torque region in 
the disk.  Embryos  from a  large  region  of  the disk 
could  thus  migrate  to  the  convergence  zone  and 
merge to form planetary cores.

Our  simulations  incorporate  this  evolving  non-
isothermal  disk  into  an  N-body solver.  The  torque 
from the gas onto a planet is determined by the local 
temperature and density gradient, which is found by 
reading in the temperature and density profiles of the 
disk  as  it  evolves.  Preliminary  results  show  that 
embryos do migrate towards the zero-torque region, 
but  interactions  with  neighboring  embryos— 
resembling  resonance—  prevent  orbit  crossing  and 
merging. 

Turbulence  is  modeled  into  the  simulation  by  the 
addition of a Markov process to generate stochastic 
forces  for  each  planet  [7].  This  stochastic  force 
breaks the resonances and leads to interactions and 
mergers between planets. It does not, though, lead to 
the  creation  of  one  large  core  in  our  preliminary 
simulations,  but multiple medium mass bodies (3-6 
Earth  mass)  that  appear  to  be  trapped  in  some 
resonance. 

2. The Model

2.1 Non-Isothermal Disk

We ignore the back reaction on the planet onto the 
disk. This allows us to simulate the evolution of the 
disk  prior  to  the  n-body  simulations.  The  gas 
evolution is explained in Lyra [1]. The density and 
temperature  profiles  are  printed  out  on  1000-year 
time-steps, to be read into the n-body simulation. The 
torque from an adiabatic disk onto a planet takes the 
form [4]:
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The torque on a planet is calculated at each step of 
the  integration  by  looking  up  the  temperature  and 
density profiles  for  the planet's  location in the two 
nearest profile printouts from the disk simulation and 
linearly  interpolating  to  the  current  time  in  the 
simulation. 

2.2 Turbulence

Turbulence is treated in the manner of Ogihara et al,
[2] by having the stochastic force acting on a planet 
be the gradient of a potential. The potential is formed 
by summing over 50 randomly selected modes:
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where Γ and Λc,m are defined in Ogihara [2]. 

We have also used a simpler model for the stochastic 
force that treated it as a Markov process [7] that had 
an  autocorrelation  function  and  distribution  of 
torques  similar  to  those  seen  in  local  MHD 
simulations  [3].  This  did  make  the  planets'  semi-
major  axes  undergo  random  walks,  but  the 
oversimplification led to there being no correlation 
between the force acting on two nearby planets. Thus 
the  turbulent  potential  model  will  be  used  in 
upcoming runs.

2.3 N-Body Code

We use a Bulirsch Stoer integrator with a 1Mꙩ central 
body and  5-20  planet  embryos,  separated  by  a  set 
number of mutual Hill radii. The code is modified to 
add in accelerations from the stochastic force and the 
gas  torque  before  applying  the  Bulirsh  Stoer 
algorithm.  Since  the  gas  profiles  are  generated 
beforehand,  the  integrator  can  relatively  quickly 
evolve a system through a 10 million year lifetime. 

3. Preliminary Results

As  expected,  planets  do  migrate  towards  the 
convergence zone on a timescale determined by the 
mass  of  the  planet.  If  turbulence  is  not  added, 
simulations with  a  small  number  of  planets  fail  to 
have  any  mergers  or  migrate  completely  to  the 
central  stable  orbit.  Adding  turbulence,  planets  do 
collide  and  merge,  and the  more  massive resulting 
bodies experience larger accelerations from the disk, 
so  that  the  most  massive  body  settles  nearest  the 
convergence zone,  and a smaller  number of bodies 
are trapped in apparent resonances further outside of 
the convergence zone.

Fig 1. A simulation initially with 16 Earth-mass 
bodies that merge into 7, the 4 lightest of which are 
scattered away from the convergence zone to large 
radii. The more massive bodies migrate inwards at 

the viscous timescale. Sharp peaks in the semi-major 
axis result from converting from position an velocity 
to orbital elements when two bodies are orbiting one 

another.   
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