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Introduction:  High precision Doppler searches 

and the transit mission Kepler are extending exoplanet 
searches to the Earth-mass regime.  The frequency of 
planets increases with decreasing planet mass and an 
estimated one quarter of all solar-mass stars may host 
Earth-mass planets [1].  Measurements of radius (from 
transit depth) and mass (from Doppler amplitude) can 
be compared to models to constrain the composition of 
"terrestrial" planets [2].  Kepler is expected to detect 
hundreds of planets [3] and can test predictions from 
formation models, including the relative proportions of 
silicates, metals, ice, and H/He in planets.    

Numerous models have attempted to capture dif-
ferent phases of terrestrial planet formation: the evolu-
tion of a circumstellar disk of gas and dust, formation 
of planetesimals, growth of "oligarchic" protoplanets, 
and chaotic accretion of terrestrial planets and giant 
planet cores by giant impacts.  Here, an integrative 
model combines descriptions of each of these steps.  
The goal is to predict distributions of mass, water 
abundance, and primordial atmospheres, and their 
trends with metallicity.  Salient preliminary results: (i) 
the ice line (or "snow line") advances to within 2 AU 
after 1 Myr; (ii) nominal conditions produce several 1-
10 MEarth planets in the inner disk; and (iii) total mass 
and architecture are very sensitive to metal abundance.    

Model:  Pre-main sequence stellar luminosity, ra-
dius, and effective temperature are from Siess et al. [4] 
for solar metallicity and with overshooting.  The heart 
of the model is a quasi-2D uniform α-disk model, 
where the local viscosity is ν=αcH.  The mid-plane 
temperature is set by contributions from direct and 
incident stellar radiation, viscous dissipation, and the 
galactic background.  The disk's specific opacity κ is 
proportional to the surface density of small grains and 
is 0.5 m2 kg-1 for  total condensation of solids at solar 
abundance [5].  The model does not include photoe-
vaporation, but mass is lost from the outer edge where 
the boundary condition is that the disk vanish.  The 
initial profile is set to the zero-time similarity solution 
with a specified scale length [6].  Solids consist of four 
populations; (i) ice and silicate grains kinematically 
bound to the gas; (ii) planetesimals whose motions are 
damped by gas; (iii) larger oligarchs that stir the 
planetesimals; and (iv) protoplanets that gravitationally 
interact only with each other.  i-iii are modeled as con-
tinua but protoplanets are treated as discrete bodies.   

Condensation or evaporation of water uses the 
Goff-Gratch function [7] and a modified exponential 

form above 788 K.  The mass fraction of condensed 
silicates and metals, based on [8],  is approximately: 

! 

f =
1

2
1+ tanh

T "1480

100

# 

$ % 
& 

' ( 
 

Grains quickly (<103 yr) sediment to the midplane: 
their mean radial motion is coupled to the disk, but 
they experience little or no turbulent mixing with the 
disk.  (The inner disk uses a viscosity calculated with 
the same α but with the dust layer height rather than 
the disk scale height, thus no "dead zone" is required.) 

Planetesimals rapidly (~103 orbits) grow from 
grains where the density of dust equals the gas density; 
the precise threshold depends on details not captured 
by the disk model and the actual formation mechanism.  
The dust density is calculated assuming the dust-rich 
layer's thickness is determined by the onset of Kelvin-
Helmholtz instability at a Richardson number of 0.25 
[9,10].  During oligarchic growth, all planetesimal col-
lisions are completely disruptive or trigger a collisional 
cascade that converts fragments to dust and water va-
por.  The ice and rock constituents of planetesimals 
evaporate in ~1 kyr once temperatures exceed the va-
porization point.  Planetesimals drift inwards due to the 
"headwind" in a pressure-supported gas disk [11].   

Oligarchs accrete planetesimals at a rate propor-
tional to the surface density of planetesimals and ac-
cording to relations derived by Chambers [11] for the 
high planetesimal velocity case.  Oligarchs are sepa-
rated by 10 Hill radii.  Protoplanets are created when 
the surface density of oligarchs reaches twice that of 
the planetesimals and their dynamics are unstable [12].  
The oligarch continuum above this threshold is parti-
tioned into individual protoplanets and their orbits are 
evolved using the hybrid integrator Mercury6 [13], 
allowing for collisions.  Type I migration, whose mag-
nitude and direction is uncertain, is ignored here.  

Disk evolution and protoplanet dynamics are sepa-
rately integrated over 3 ka intervals.  The integration 
time step for the latter is 0.2 times the orbital period of 
the closest orbit.  The integration timestep of the for-
mer is set by the minimum value based on the stability 
condition Δt=0.5(Δa)2/ν where Δa is the separation 
between computational nodes.  To improve computa-
tional efficiency, Δa values are chosen such that Δt is 
relatively uniform across the disk.      

   Results:  Disk accretion: With disk mass and 
size of 0.05 Suns and 50 AU, and α=0.01, accretion 
rate (Fig. 1) and disk lifetime (Fig. 2) are consistent 
with observations. Differences in κ have a negligible 
affect on disk evolution; variation in the initial scale 
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length only affect the first ~105 yr.  Iceline: For a dy-
namic dust layer, the iceline moves inward as the disk 
accretion rate slows and the central star dims  (Fig. 3).  
Position is weakly sensitive to κ; higher opacity in-
creases mid-plane temperatures and moves the iceline 
outward.  Continued dust production by colliding 
planetesimals renders the inner disk opaque and allows 
the iceline to move within 2 AU at 1 Myr, however 
oligarch formation is largely complete by that time.  
Oligarch growth:   There is a pronounced transition in 
total oligarch mass between systems with 0.5x and 2x 
solar metallicity (Fig. 4).  Larger planetesimals slows 
accretion and can reduce total oligarch mass.   

 
Figure 1. Disk accretion rate (blue to orange) for vis-
cosity parameter α=0.0025, 0.005, 0.01, 0.02.  Dashed 
lines are total mass loss rates, including decretion at 
outer edge.  Diamonds are members of the Taurus (~1 
Myr) and Chamaeleon (~0.3 Myr) clusters [14], trian-
gles are the Orion OB1a (7-10 Myr) and OB1b (3-5 
Myr) associations [15], and squares are the TR37 clus-
ter of the Cepheus OB2 association (~4 Myr) [16].  

 
Figure 2.  Disk mass vs. time for the same α values as 
Figure 1.  Observations show that essentially all pri-
mordial disks disappear by 10 Myr [17,18]. 

 
Figure 3. Iceline position for nominal parameter val-
ues.  Blue, green, orange lines are κ=0.25,0.5,1m2 kg-1.    

 
Figure 4.  Total oligarch mass for the case of 1 km 
radius (solid) and 100 km radius (dashed) planetesi-
mals and metallicities of 0.1,0.33,0.5,1,2, and 3 times 
solar (black to red).  Growth after 1 Myr largely occurs 
beyond the iceline.  For computational efficiency, in-
dividual protoplanet dynamics were not tracked, but 
does not substantially affect total masses.  
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