
Definitions 
• Stars:  M>0.07Ms              Burn H   

– cosmic composition (H+He) 

• Brown dwarfs: M<0.07Ms  No Burning 
– degenerate 

– cosmic composition (H+He) 

• Planets    No Burning 
– orbit stars 
– not cosmic composition (more metals) 
– form in gas/dust disks 

• Dwarf planets 
– Pluto, Eris, Ceres

Dwarf planets



Definition ? 
Burrows et al. 1997 ApJ 491 856



• What set the number of solar system planets? 
• How long did it take them to form? 
• Why are their orbits circular and coplanar? 
• What set the planetary spins? 

• Binaries in the Kuiper Belt and new moons. 

• Binary Planets? 

• What happens after planet formation? 
• When and how did the Oort cloud form? 
• How long do debris disks live? 

Questions



(T. Pyle, HST & Spitzer)

Amazing Observations

exoplanets.org



Disk Models
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FIG. 2.ÈSED for the Ñared blackbody disk. At mid-IR wavelengths,
At longer wavelengths,L l P l~2@3. L l P l3.

A schematic of how the stellar radiation is reprocessed is
illustrated in The radiation penetrates the disk toFigure 3.
an optical depth of order unity along a slant path inclined
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The superheated dust radiates equal amounts of IR radi-
ation into the inward and outward hemispheres. The
outward-directed radiation is similar to that of a dilute
blackbody. Where the disk is opaque to blackbody radi-
ation at
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the inward-directed radiation is thermalized at that tem-
perature. The outer boundary of this region is denoted by

Just outside the interior is optically thin to its ownath. ath,
radiation but still opaque to radiation from the superheated

FIG. 3.ÈRadiative transfer in the passive disk. Stellar radiation strikes
the surface at an angle a and is absorbed within visible optical depth unity.
Dust particles in this ⌫rst absorption layer are superheated to a tem-
perature About half of the emission from the superheated layerT
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At still greater radii, the encased material is transparent
both to its own radiation and to radiation from the surface ;
the internal temperature here is given by
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The SED for the radiative equilibrium disk is computed
from
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where measures optical depth from z to O along the axisqlperpendicular to the disk midplane.

2.3.1. Flat Geometry
Once again, we consider the Ñat disk, but now under

conditions of radiative equilibrium. The appropriate
expression for the e†ective temperature is given by equation

For our ⌫ducial Ñat disk, AU. Runs of and(4). ath B 50 T
dsas functions of a are displayed inT

i
Figure 4.

The SED for the Ñat, radiative equilibrium disk as calcu-
lated from is displayed in Its appear-equation (13) Figure 5.
ance is similar to that of the SED for the Ñat blackbody
disk. Over most of the IR, it is dominated by radiation from
the optically thick interior. The surface layer radiates more
than the interior shortward of 6 km; however, there its
contribution is hidden by that from the central star. Most of
the radiation longward of a millimeter comes from the
outer, optically thin part of the disk. This accounts for the
drop of the SED below the extrapolation of the n \ 4/3
power law.

2.3.2. Hydrostatic Equilibrium
Now we investigate the disk model in which both vertical

hydrostatic equilibrium and radiative transfer are treated in
a self-consistent fashion. The Ñaring geometry is governed

FIG. 4.ÈTemperature pro⌫les of the Ñat and Ñared radiative equi-
librium models. The dust temperature of the superheated layer is inde-T

dspendent of disk geometry. Expressions for and are provided in theT
ds

T
itext. The Ñat disk is truncated at AU (to facilitate comparisona

o
\ 270

with the Ñared models), before the third temperature regime is reached.

Chiang & Goldreich 97



Disks - Results: 1-10Myr lifetime

!6Giant planet formation must be fast!



Eccentricities & Periods

Q=105 & 
 t=4.5 Gyr

Data from    http://exoplanets.org/almanac.html 

our solar 
systemtidal 

dissipation

What are these?



Theories for strange orbits
• Disk Migration

• Planet-Planet interaction - Migration and e

• Does disk excite eccentricities?

•Tides?

!8



Laboratory for planet formation

• Too close to planet - tides - rings can not form moons. 
• Gaps !

Neptune Uranus Saturn



Transits - Radius Mass Relation - Surprise

R �M1/3

R �M�1/3

R �M

?

Stars

Planets



Inflated Hot Jupiters - Theories

• Why are hot (short period) Jupiters inflated? 
• Possible for hot objects only. 
• 1% inflation for each 1,000 degrees. 
• Planets form with 100,000 degrees. 

• Short cooling time. Why they did not get cold? 

• Solar flux slows cooling. Not sufficient. 
• Internal heating! 

!11
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• If collision cross section is geometric 

• Scale height   h~v/Ω 
– n ∝σ/h 

• In terms of surface density: 
– Independent of velocity 

• For Minimum Mass Solar Nebula (MMSN): 
– Earth    (6,400km)         108  yr 
– Jupiter’s core                 109   yr   
– Neptune (25,000km)     1012 yr

€ 

dR
dt

=
σΩ
8ρ

≈ 3cm
yr
(a /AU)−3

Geometric Accretion



Need Gravitational Focusing
• Larger collision cross section

 

€ 

(vesc /v)R

size 
(km)

geometric 
time

required time 
(yr)

implied 
eccentricity

Earth 6,400 108 yr <108 e<1
Jupiter’s core 10,000? 109 yr <107 e<0.1

Neptune 25,000 1012 yr 107<t<109 0.03<e<0.4

Safronov #



 Planet Formationתאוריות ליצירת פלנטות

(vesc/v)R

(vesc/v)2R



Early Times: Runaway Accretion

• Without gravitational focusing 

– 3 cm/year @ 1AU 
– too slow @ 30 AU 
– Bodies tend to become of equal size 
– Orderly growth 

• With focusing 

– Few large bodies become larger than their peers. 
– Runaway accretion

Most of the  
Bodies & mass

Exponential 
cutoff

Runaway 
tail

m

m 



Physical Processes
• Setup: many small bodies, few big bodies         

σ, u Σ, v

viscous stirring

dynamical friction

accretion

viscous stirring

collisions =

=



• Hill sphere 
– Tidal effects from the Sun  
– Sets a minimum drift velocity 
– Sets the maximum binary separation 

• Viscous stirring 
– Radial and tangential velocity are coupled - eccentricity 
– Even elastic deflections increase velocity dispersion 
– Results in much faster heating: temperature doubles in one deflection 

timescale

Disk Effects

Vr

Vt

Elastic scat. 
Vr ->Vt

Initial 
velocity 

dispersion

Elastic scat. 
Vt ->Vr



Physical Processes: velocities
• Setup: many small bodies, few big bodies         

σ, u Σ, v

viscous stirring

dynamical friction

accretion

viscous stirring

collisions =

=

⇒ solve for v 

~  



From Clean to Dirty

!20

h/r = 10�6 h/r = 1/30 h/r = � ⇡ 1/4



Late Times: Oligarchic Growth

• Big bodies heat their own food 
  ⇒ larger u around bigger bodies 
  ⇒ bigger bodies grow more slowly 
      ⇒ big bodies are: 
             equal mass, 
           uniformly spaced 
• Number of big bodies  
    decreases as they grow 

• Super Hill - win by competition 
• Sub Hill - large-large accretion 
• Thin disk - No sustained Oligarchy

( Kokubo & 

Ida 1998)

“Classical” oligarchy:

More refined oligarchy - battles:



• Definition: 
• A large body has all the mass in annulus of ~5RH 

• For earth region 
• Use mass of disk 
• N ~ 50   => GIANT IMPACTS 

• For outer solar system  
• Use known  
• x5 Minimum mass solar nebula 
• N ~ 5

End of Oligarchy: Isolation 

Miso = (2πa)(5RH)Σ

Miso

Miso/M∗ = 6.5(Mdisk/M∗)
3/2

Mdisk/M∗ = (Miso/M∗)
2/3/3.5



• New N-body code 
• Accretion 
• Dynamical friction 

• Questions: 
Σ/σ  at transition. 

– Are all planets excited? 
– Timescale 
– How many survivors?

Numerical N-body Simulation

Ben Collins



Beginning of Oligarchy

• Radius of circle = Hill sphere ~ 3000R



  End of Oligarchy

• Radius of circle = Hill sphere ~ 3000R 
• At end of oligarchy Σ ~ σ ,  v~VH



• Vesc<Vorbit   ejection unlikely - MMSN sufficient 
• Collisions  
• Formation on geometric timescale (100 Myr) 
• Giant impacts!

Venus & Earth: Beyond Isolation

0.72 AU 1 AU

13, 000 km

~40 Hill radii

4, 000 km

0.72 AU 1 AU~3 Hill radii=0.01AU

~30 sub-mars 
objects



• Planetesimals Impacts & Giant impact are expected. 

• Strange planets w/extended atmospheres: Kepler 11 

• Evidence for older & newer magma:  
implies several atmospheric losses. 

• What happens to atmospheres during impacts? 

• Giant vs. small (planetesimals) impacts 

• Is it all consistent?

Summary

What should we find out



• Fast formation of Uranus & Neptune (<10 Myr) if 
small bodies are very small (<1 m) 

• In cold accretion with MMSN: 

• Observed:

Uranus & Neptune = End of Oligarchy

30, 000 km

20 AU 30 AUfew Hill radii

20 AU 30 AU

50, 000 km

15 Hill radii



• Isolation when Σ ~ σ.

• we assume u~vH 

 

Uranus & Neptune: Isolation

50, 000 km

20 AU 30 AUfew Hill radii



• After <10 million years,  Σ>σ

• Heating > Cooling ⇒  runaway heating 
• Planets are ejected vesc>vorbit , collisions unlikely.

Uranus & Neptune: Ejection

50, 000 km

20 AU 30 AUfew Hill radii

Teject ∼
1

10
Ω−1

(

M⊙

MNeptune

)2

∼ billion years



• Planets are ejected vesc>vorbit , collisions unlikely. 
• Uranus & Neptune already form at end of oligarchy 

(<10Myr). 
• About 5 x MMSN is needed. Otherwise 

– Mass of individual objects too small. 
– Ejection too long.

Uranus & Neptune: required mass

50, 000 km

20 AU 30 AUfew Hill radii



• Only a few remaining bodies (Uranus & Neptune) 
• No Chaos = no heating - sets # of planets 
• Cooled by remaining small bodies (explains current 

small eccentricity)

Uranus & Neptune: regularization

50, 000 km

20 AU 30 AU



Collide or Eject?
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Vesc =Vorb at a ~ 3AU



• Eccentricity decays due to leftover small bodies. 
– Initial timescale = ejection (outer) or collision (inner) timescale 

• Gas effects? 
– Could have helped in cooling the small bodies during oligarchy 
– Unlikely to be present at the final stages 

• 100Myr for inner solar system 
• 10Myr-1Gyr after ejection in outer solar system 

– Must rely on small bodies. 
• Residual mass (of small bodies) during regularization? 

– Of order the initial mass in outer solar system 
• Uncertainties: separation and instability onset 

– Perhaps somewhat smaller in inner solar system 
• delicate balance between accretion and shattering

Orbital Regularization


