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• The need for migration and orbital evolution
• Problems with in situ formation

• Hot Jupiters
• Planets in Mean Motion Resonance

• Gas-Driven migration
• Disk Torques

• Impulse Approximation
• Type I migration (low mass planets)
• Gap Formation and Type II migration (high-mass planets)

• Planetesimal-Driven migration
• Nice Model
• Grand Tack model



The Surprise

Original detection
(Mayor & Queloz 1995)

A HOT Jupiter!

a = 0.052 AU
P = 4.23 days

M sin I = 0.468 MJ



Planet Migration 
was not new…



The Exoplanet Landscape

3-day pile-up



Laplace Resonance



Kepler 223

Four planets in 8:6:4:3 resonance





Gas-Driven Migration
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Angular momentum transfer to planet 
by disk-planet interaction

Driven by gravitational torques
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Migration Torques

Density Torque

• Most of the torque arises from a region close to the planet
• For axisymmetric density, the torque cancels
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A planet in a disk





The planet’s wake in the disk: Corotating frame



Migration Torques

Density Torque

• The planet generates a non-axisymmetric wake
• Non-zero torque

𝚪 = 𝑟"𝐺𝑚"/Σ
𝑟*

|𝒓 − 𝒓𝒑|)
sin𝜙 𝑑𝑟𝑑𝜙



Migration Torques

Density Torque

• The planet generates a non-axisymmetric wake
• Non-zero torque

𝚪 = 𝑟"𝐺𝑚"/Σ
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Migration

Corotating frameInertial frame



Migration







Migration: Impulse approximation

Energy conservation before and after encounter

∆𝑣* = Δ𝑣+* + (Δ𝑣 − ∆𝑣∥)*
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Δ𝑣+ does not change angular momentum

Solve for ∆𝑣∥

Δ𝑗 = 𝑎 × Δ𝑣 = 𝑎∆𝑣∥ =
2𝐺*𝑀"

*

𝑏*Δ𝑣) 𝑎

Angular momentum change
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Sign of the torque

Δ𝑗 =
2𝐺C𝑀D

C

𝑏CΔ𝑣E
𝑎

𝑣- =
𝐺𝑀∗

𝑎

𝑗- = 𝐺𝑀∗𝑎

For gas exterior to the planet orbit

• Decrease in ∆𝑣∥ means increase in j

• The gas gains angular momentum
• The planet loses angular momentum

• Planet moves inwards
• Gas moves outwards (gas is repelled from the planet)

For gas interior to the planet orbit

• Increase in ∆𝑣∥ means decrease in j

• The gas loses angular momentum
• The planet gains angular momentum

• Planet moves outwards
• Gas moves inwards (gas is repelled from the planet)



Total Torque
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Sign and direction of migration 
depends on difference between positive inner torque 

and negative outer torque

Integrate in impact parameter
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Gap Opening



Type I to Type II transition



Type I to Type II transition



Planet Population Synthesis



Disk lifetime

Disks dissipate with an e-folding time of 2.5 Myr




