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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: 

M iso ≈ 2πa(Δazone )Σ ~ MMars @ 1.5 AU 

@ 20-30 AU 



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 (e.g. Schlichting et al. 
2012) 

Giant Impacts: 
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All planetary candidates discovered by Kepler as of Dec. 5th 2014.  

Kepler Planets 

4175 Planetary 
Candidates 
 

1218 Planets in 
Multi-Planet Systems 
 



Part I 

Materials & Supplies 
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Fig. 2.— Mass surface density of solids, ⌃, needed to form the Kepler candidates as isolation
masses, by accreting all the material in their respective feeding zones, without migration of
solids and/or planets. The dark blue points correspond to systems with planetary radii
R  5R� and the light blue points to systems with planetary radii R > 5R�. The upper
and lower solid red lines corresponds to the Toomre Q stability parameter of 1 for the
corresponding gas disk, assuming a gas-to-dust ratio of 200 and a planet formation e�ciency
of ✏ =100% and ✏ =20%, respectively. A significant fraction of systems fall above the
✏ = 100%, QGas = 1 line, implying that these disks would be gravitationally unstable to
collapse.

Schlichting (2014) 

Forming Close-In Planets as Isolation masses 

Δa ~ 2vH /Ω

R < 5 REarth 

M iso ≈ 2πa(Δazone )Σ ~ MPlanet

R > 5 REarth 

(Toomre 1964) 



Viscous Stirring 

Viscous stirring tends to increase the random kinetic 
energy all all bodies in the disk 
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Example: Terrestrial Planets 

Chambers 2001 

Mplanet Σ 
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Schlichting 2014 

MGI 

Δa ~ 2vesc /Ω
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Fig. 3.— Same as Figure 2 but for solid mass surface density, ⌃, needed to form the Kepler

candidates in situ with a phase of giant impacts. The mass surface densities displayed here
are calculated assuming �a ' 2vesc/⌦. This corresponds to the maximum accretion widths
that can result in disks in which protoplanets stir themselves gravitationally. Furthermore,
even if the velocity dispersion could be excited significantly above vesc, the resulting giant
impacts typically would not lead to accretion and may, in some cases, result in erosion instead
(Asphaug 2010). The dashed black line is the best fit disk surface density model and is given
by ⌃ = 13⇥ (a/1 AU)�2.35.

Schlichting (2014) 

Forming Close-In Planet with Giant Impacts 

Δa ~ 2vesc /Ω



Minimum Disk Masses Required 
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Fig. 4.— Enhancement factor above the MMSN, F = ⌃/⌃MMSN , needed for in situ for-
mation as a function of semi-major axis. Planetary candidates discovered by Kepler are
represented by blue points, where the dark blue points correspond to systems with planetary
radii R  5R� and the light blue points to systems with planetary radii R > 5R�. For
comparison, the green points correspond, from right to left, to Earth, Venus and Mercury.
The lower and upper dashed-black lines display the enhancement factors needed to form an
1M�-planet and 5M�-planet, respectively. The red dashed lines give the Toomre Q param-
eter for the corresponding gas disk, QGas, assuming a gas-to-dust ratio of 200 and a planet
formation e�ciency of 100% and 20%, respectively.

Schlichting (2014) 

MMSN type disks consistent with formation further out and subsequent inward 
migration and/or radial inward drift of solids and subsequent local assembly. 



Take Home Points I 

Formation of close in planets with Giant Impacts is a possibility, 
need massive inner disks, typically few tens MMSN (Raymond 

2008, Hansen & Murray 2012). 

MMSN type disks consistent with formation further out and subsequent 
inward migration and/or radial inward drift of solids and subsequent local 

assembly. 

Need to examine planet formation with radial drift and/or migration 
 Growth times maybe determined by rate of material delivery into the 

inner disk 

Radial drift and/or migration must have played a key role in 
the origin of close-in Super-Earths and Mini-Neptunes 

-  Disk Stability (Schlichting 2014) 
-  Global Disk Masses 
-  Disk radial profiles (Raymond et el. 2014) 
-  Giant planet occurrence (Schlaufman 2014) 



Part II 

Composition & Structure 



For comparison, the Earth’s atmosphere contains less than 10-6 of its mass and has 
an atmospheric scale height that is only ~ 0.1% of its radius. 

Lopez, 2013, Lopez et al.2012  

Exoplanet Atmospheres 



Formation of Close-In planets with Giant Impacts 

(Inamdar & Schlichting, 2015) 



Formation of Close-In planets with Giant Impacts 

Symbols from Lopez & 
Fortney (2014) 

(Inamdar & Schlichting, 2015) 



Envelope Accretion After Giant Impacts 

(Inamdar & Schlichting, 2015) 

Symbols from 
Lopez & Fortney 
(2014) 

Lacc=0 
(Lee, Chiang & 

Ormel 2014) 

Lopez & Fortney (2013) 



Take Home Points II 
Atmospheric masses of Isolation masses are small (10-3) and atmospheric mass loss 
due to Giant Impacts significant leading to typical atmospheric masses of ~ 0.1% 

 

Atmospheric Accretion from partially depleted gas disk after Giant Impacts can 
explain atmospheres of up to a few % and less if: 

 
1)  Lacc~ 0 

 2) Have massive inner disks, typically few tens MMSN  
 3) Σgas/Σdust <10 to prevent radial drift. 

 
 

It seems challenging to explain atmospheric masses >> several % with accretion from 
partially depleted gas disk after Giant Impacts. 

 

Formation of ‘mostly’ rocky planets no problem 


