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Motion in the Rotating Frame 
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Positions 

Velocities 



Viscous Stirring 
•  Velocity doubles at quadrature 

•  Velocity halves at periapse and 
apoapse 

2eaΩ -> e’aΩ 

eaΩ -> 2e’aΩ 
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Viscous Stirring 

Viscous stirring tends to increase the random kinetic 
energy all all bodies in the disk 
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Growth Rates & Stirring Rates 
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Growth Regimes 
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Runaway Growth 

Orderly Growth 

Neutral Growth 
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Two-Group-Approximation 

Mass surface density = Σ  

Mass = M, Radius = R 

velocity dispersion = v 

Mass surface density = σ  

mass = m, radius = r   

velocity dispersion = u 

damp v, accrete onto big 
bodies 

Small bodies Big bodies 

excite u 

excite v, accrete themselves 



Velocity Evolution 

Growth 

Dynamical Friction 

Viscous Stirring 





Oligarchic Growth 

•  Runaway growth ends when 
•  a) velocities of small bodies become sub-Hill 
•  b) velocities of small bodies become super-escape 
•  c) when Oligarchic growth begins 

   
When Oligarchic growth ends  
 
 
Oligarchic growth maybe the final stage of planet formation 
in the outer Solar system 

Σ ~σ





NeptuneMaaM ~)(2 zoneiso ΣΔ≈ π

For vesc > u gravitational focusing enhances 
the accretion rate 
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2. Runaway growth: 

tgrow ~107 years 

Σ,vσ,u
planetesimals protoplanets 

3. Oligarchic growth & Isolation: 

1. Planetesimal formation: 
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Last Stages of Terrestrial Planet 
Formation 

Protoplanets’ velocity dispersion increases 

Giant Impacts 

tGiant-Impacts ~108 years (1AU) 

Clean up: 

- Accretion & ejection of remaining 
planetesimals 

- Orbits planar & circular 

Giant Impacts: 


