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From the Solar System with circular orbits...

Challenges to Theory

...to the diverse population of exoplanets. 
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Planetesimal Formation
• Dust and ices in disk condense, coagulate, settle

⟹ rdust ≲ 1 cm

Johansen & Youdin (2007) Johansen et al. (2011)

 

Brauer et al. (2008)
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Formation of Protoplanetary EmbryosGrowth rate
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using and Growth rate:

isotropic velocity distribution: 

(Lissauer 1993)

M

Notes: 
- the velocity dispersion of planetesimals enters only in focusing factor
- the growth rate is larger in disks with larger planetesimal surface densities
- since          generally decrease with distance, planets grow slower at large
   distances
-       can be much more complex in the three-body approximation
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�• Isolation mass, MMSN: a 1 AU 5.2 AU
M 0.05 M 1.4 M

• Growth regimes
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• Feeding zone ~ ± 3.5 RHill ∝ M1/3
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a 1 AU 5.2 AU

M 0.9 M 12 M



• In-situ formation?

Forming Terrestrial & Low-Mass Planets

• M < 30 M⊕ or R < 4 R⊕ with P < 50 d planets occurrence

Formation of close-in dynamically packed systems?

Disk dispersal: Orderly growth

• τform ~ 108 yr

• Mutual capture in MMR & migration

• Inward migration of final system?

v∞→vesc

Orderly

Distinguish using 
spectra, M-R 

relation?

?



Giant Formation: Gravitational Instability

• Planet formation by partial collapse of self-gravitating disk:
2csΩK
πGΣ

Q = ≲1.5 & τcool
τorb

≲ 1 , but: cs 
↗

⟹ Q 
↗

cs 
↗

⟹ τcool↗

• Needs massive disk!

• Unlikely inside 40 AU!

• Possibly at r > 100 AU!

• No consensus so far!
 



Giant Formation: Core Accretion

I
Embryo → Miso ~ 10 M⊕ 

Tenuous envelope

III
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Planetesimal break-up

Mgas from contraction
Rpl ~ RHill

Gas drag: Rcapture ↗ 

.

Menv → Mcore: ‘‘Collapse''

Disk-limited Mgas
.

Accretion shock!
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Migration
Co-rotating frame

L loss

L gain

• Low Mpl: Type-I migration

• High Mpl: Type-II: Gap opens!
RHill > H
τgap < τvisc

τmig = τvisc

Isothermal disk: τmig ~ 104 yrs

Isothermal & adiabatic torques?

• From simple model (impulse approximation)

τmig
Σgas ↗
Mpl ↗

⟹ ↗



Observed 
statistical properties

Population 
synthesis

 
 

Theory — Observation: Connection

‣ 10 Embryos/disk 
‣ Mini = 0.01 M⊕ 
‣ Full N-body 
‣ Mstar = 1 M⊙ 
‣ Migration (Type I and II) 
‣ α = 7 x 10-3

Prototerrestrial 
cores

Planetary desert

Giants

Alibert et al. (2013)



Theory — Observation: Comparison

- Giant planet frequency - [Fe/H]star

- Giant planet frequency - semi major axis

- Giant planet mass distribution

- Formation of close-in packed systems?

 

- Large eccentricities of planetary systems

- Origin of planetary atmospheres

(✔)

(✔)

✔

?
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Planetary Spectra from Formation?

Mollière et al., in prep.

Formation Composition Evolution Atmospheric 
structure Spectrum



Summary

• Planet formation models encompass many processes
Collapse ● Formation of the disk ● Disk chemistry ● Disk evolution ● 
Planetesimal formation ● Grain & planetesimal drift & migration ● 
Planetesimal dynamics ● Dynamical coupling of EGP and planetesimals 
● Planet formation mode ● Planetary migration ● Evaporation ● Planetary 
structure evolution ● Planetary atmospheres, atmospheric dynamics ● …

Many individual processes and their coupling have to be  
understood better and in a qualitative & quantitative way!

Lissauer et al. (2014): ‘‘Did the Kepler planets form in situ or did they 


