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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 
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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. 





Giant	  Impacts	  

Planetesimal	  Impacts	  



Impacts	  &	  Terrestrial	  Planet’s	  
Atmospheres	  



Knutson	  et	  al.	  2015	  	  





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 



Atmospheric Mass Loss During Planet Formation 

1. Giant Impacts 

2. Small Planetesimal Impacts 

1) The impact launches a strong shock.  

2) The shock propagates through the 
planet causing a global ground motion. 
  

3) This ground motion launches a shock 
into the atmosphere, which can lead to 
significant atmospheric loss.  e.g. Genda & Abe 2003, 2005, Schlichting et al. 2015 

e.g. Melosh & Vickery 1989, Schlichting et al. 2015 

1) Only eject atmosphere locally, h/2R, – 
but numerous small impacts  

2) Atmosphere is ejected only where its 
mass per unit solid angle is less than of 
the ejecta, mimp/2π. 
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Atmospheric Mass Loss Efficiency for current Earth 

Giant 
Impacts 

Small Impacts 

Schlichting et al. 2015 

Planetesimal impacts likely dominated the atmospheric mass loss 
over the formation history of the terrestrial planets. 
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Schlichting et al. 2015 



How	  did	  the	  Earth	  get	  it’s	  Ocean?	  



The Kuiper Belt Size Distribution 

q ~ 4.0 

Primordial Evolved 

q ~ ? 

r/km 

dN
(r

)/d
r 

Pan & Sari (2007) 





Steady state:          Mass conservation 

covering fraction 
of targets 

rate of  
disk crossings 
by bullets 

target 
mass 

mass rate of 
destruction 

Collisional cascades 

Bullet to Target Ratio: 

Strength Regime: 

Gravity Regime: 

3*23 rQvr
B

ρρ =

ρr
B

3v2 = ρr3v(r)esc
2 3/5rr

B
∝

rr
B
∝

q ~ 3 
Pan & Sari 
(2007) 

Dohnanyi (1969) 

4 Schlichting et al.

for placing the hot population into its current location.
The KBO formation timescales are generally found to be
less than 100 Myrs (e.g. Kenyon & Luu 1999; Schlichting
& Sari 2011), which suggests that the Kuiper Belt had
close to 4.5 Gyrs to evolve collisionally. Observations
of the Kuiper Belt size distribution find that the break
radius and the slope of the size distribution below the
break are the same in both the hot and cold KBO pop-
ulation, which is consistent with the idea that these two
populations are undergoing collisional evolution together
(Fuentes et al. 2010).

2.2. Collisional Model

We model destructive collisions in the following way.
The catastrophic destruction threshold, Q⇤

D, is defined as
the specific energy needed to disperse the targets into a
spectrum of individual objects such that the largest one
has exactly half the mass of the original target. When
the center of mass collisional energy of two colliding bod-
ies, m

1

and m

2

, exceeds the catastrophic destruction
threshold, Q

⇤
D, then the combined mass, m

1

+ m

2

, is
distributed such that one body of mass 0.5(m

1

+m

2

) is
formed and the remaining mass is distributed as debris
over all mass bins that correspond to planetesimal sizes
with m < 0.5(m

1

+m

2

) according to a di↵erential power
law size distribution given by dN/dR / R

�q⇤ .
Since the Kuiper Belt consists of mostly icy bodies

with an average velocity dispersion of about 1 km s�1, we
adopt the strength law from Leinhardt & Stewart (2009)
for ice and 1 km s�1 impact speeds for the catastrophic
destruction threshold, which is given by

Q

⇤
D = 1.3⇥ 106

✓
R

1 cm

◆�0.4

+ 0.08

✓
R

1 cm

◆
1.3

erg g�1

.

(5)
Figure 4 showsQ⇤

D as a function of size and the transition
from the gravity dominated regime (R & 0.1 km) to the
material strength dominated regime (R . 0.1 km). For
comparison, the catastrophic destruction threshold cor-
responding to the specific gravitational binding energy in
the gravity regime and the same material strength law
as before is also shown in Figure 4. The gravitational
binding energy gives an interesting absolute lower limit
to the catastrophic destruction threshold, since bodies
cannot be weaker than this.
For the fragment size distribution, dN/dR / R

�q⇤ , we
adopt q

⇤ = 3.68. This value of q

⇤ corresponds to the
expected collisional equilibrium size distribution, which
has a power law index that is given by

qeq =
21 + ↵

6 + ↵

(6)

where ↵ is the exponent of R in Q

⇤
D (see Equation (5)

in the material strength dominated regime (e.g. Pan &
Schlichting 2012). From Equation (6) we find that ↵ =
�0.4 yields q

eq

= 3.68.

3. RESULTS

Combining our growth and collisional model we investi-
gated the evolution of the KBO size distribution starting
from various initial planetesimal sizes over 4.5 Gyrs.

3.1. 1 km sized Planetesimals
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Fig. 4.— Catastrophic destruction threshold, Q⇤
D, as a function

of size. The solid, blue line corresponds to results from Leinhardt
& Stewart (2009) for ice and 1 km s�1 impact velocities, which
corresponds to the velocity dispersion in the Kuiper Belt today.
For comparison, the catastrophic destruction threshold correspond-
ing to the gravitational binding energy in the gravity regime and
the same material strength law as before is shown as dashed blue
line. The gravitational binding energy gives an absolute lower limit
to the catastrophic destruction threshold, since bodies cannot be
weaker than this.

Figures 5 and 6 show the resulting KBO size distribu-
tion (solid blue line) after 4.5 Gyrs of growth and colli-
sional evolution when starting from an initial planetes-
imal size distribution that consists solely of 1 km sized
bodies, and from an initial planetesimal size distribution
that has equal mass per logarithmic mass bin for bodies
ranging from 0.4 km to 4 km in radius, respectively. For
comparison, the dashed blue lines in Figures 5 and 6 show
the KBO size distribution at the end of runaway growth
just before the start of destructive collisions. First of all
it is interesting to note that the resulting small KBO size
distributions do not follow a single power law below the
break (i.e., below R ⇠ 30 km) as one may naively expect.
Instead we find that the small KBO size distribution ex-
hibits a strong deficit of bodies around R ⇠ 10 km in
size and a strong excess of bodies around 2 km in radius
compared to abundances from a single power law size dis-
tribution spanning the range from 0.1 km to 30 km. This
deficit and excess are caused by the planetesimal size dis-
tribution left over from the runaway growth phase, which
left most of the initial mass in small planetesimals. This
excess mass in small planetesimals leaves a permanent
signature in the size distribution of small bodies that is
not erased after 4.5 Gyrs of collisional evolution. The
resulting KBO size distributions shown in Figures 5 and
6 are both consistent with abundance estimates and up-
per limits from KBO occultation surveys (Bianco et al.
2010; Schlichting et al. 2012) shown in black. However, if
all the mass resides solely in 1 km planetesimals initially,
not quite enough mass is depleted in 10-30 km radius
range compared to observations (see Figure 5). If on the
other hand, we start with an initial planetesimal size dis-
tribution that has equal mass per logarithmic mass bin
for bodies ranging from 0.4 km to 4 km in radius we find
good agreement with the observations (see Figure 6).
Figure 7 shows the same collisionally evolved size dis-

tribution as in Figure 6 but with the corresponding
power law indices for the di↵erent segments. KBOs with
R & 30 km follow a size distribution with a di↵erential


