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Our Solar System 

•! Dynamics 

–!Planetary orbits nearly circular & coplanar 

–!Spacing increases with distance from Sun 

–!All giant planets have satellite systems 

•! Compositions 

–!Largest bodies most gas-rich 

–!Rocks near Sun, icy bodies farther out 

–!Elemental/isotopic abundances similar 

–!Meteorites - active environment 

•! Planetary Geology: Cratering Record 
–!Far more small bodies in first 800 Myr 
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Giant and Terrestrial Planets 
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Stars and Planets 
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From Guillot, modified by Stevenson 

•! A major source of 

uncertainty is in the 

equations of state. 

Core & total heavy element 

abundances 



Circumstellar Disks 

•! Young Stars 
–!Evidence: IR excesses, rotation, proplyd images  

–!Radii tens to hundreds of AU (larger for massive stars) 

–!Typical mass ~ 0.01 - 0.1 MSun 

–!Lifetime (dust) < 10 Myr 

–!Some show evidence for gaps, inner holes 

•!Main Sequence Stars 
–!Second generation debris disks -      

unseen parent bodies 

–!Low mass, gas poor 

–!More prominent around younger stars 
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Mass Distribution of Planets  
Detected by Doppler Method 

Real dropoff"
Difficult to observe!

M sini"



Mass Distribution of Planets  
Detected by Doppler Method 

Real dropoff"
Difficult to observe!

M sini"

Gap/Dip?"



Detected Planets vs. Heavy Elements 

in Host Stars  (Fischer & Valenti 2005)!

10 10 Giant Planets 



What might the surfaces of 

these planets look like? 

Earth Small, dry 

planet 

Ocean-covered world 

High-Resolution Images of First 

Three Planets Discovered by Kepler!



What might the surfaces of 

these planets look like? 

Earth Small, dry 

planet 

Ocean-covered world 

Lissauer 1999 

April Fools!!



Extrasolar Planets: Key Findings 

•! ~ 0.7% of sunlike stars have planets more massive 
than Saturn within 0.1 AU 
–! Most if not all are gas giants 

–! Models suggest these planets migrated inwards 

•! ~ 7% of sunlike stars have planets more massive 
than Jupiter within 2 AU 
–! Some of these planets have very eccentric orbits 

•! Few planets are much more massive than Jupiter 

•! More (giant) planets around stars with more 
metals 

•! Mass-radius relationship ~ Solar System 

•! Larger fraction of more massive stars have giant 
planets within 2 AU 
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Planet formation: Theory 



Solar Nebula Theory!
(Kant 1755, LaPlace 1796)!

The Planets Formed in a Disk                           

!! in Orbit About the Sun!

Explains near coplanarity and circularity of planetary orbits!

Disks are believed to form around most young stars!

! Theory: Collapse of rotating molecular cloud cores!

! Observations: Proplyds, ! Pic, IR spectra of young stars!

Predicts planets to be common, at least about single stars!
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Planetesimal Hypothesis!
(Chamberlain 1895, Safronov 1969) 

Planets Grow via Binary Accretion of Solid Bodies 

Massive Giant Planets Gravitationally Trap !

H2 + He Atmospheres!

Explains planetary composition vs. mass!

General; for planets, asteroids, comets, moons!

Can account for Solar System; predicts diversity!
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Core Nucleated Accretion 

(“Classical” Standard Case) 
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Embryo 

formation 

(runaway)"

Embryo 

isolation!

Rapid gas 

accretion"

Truncated 

by gap 

formation"

Pollack et al. 1996!



Gas Flow Near Planet  
(Bate et al. 2003) 

•! Planet masses are   

1,    0.3,    

  0.1,  0.03,  

0.01, 0.003  MJupiter 
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Models of Jupiter’s Growth Incorporating 

Hydrodynamic & Thermal Constraints 
(Lissauer, Hubickyj, D’Angelo & Bodenheimer, 2009) 

First models of growth from Mars mass to 

Jupiter mass 

Several different cases - disk viscosity and 

surface density and planet properties varied  



Bound & Unbound Particles 
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Initial positions              Trajectories 



Near & Far Bound Particles 
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Mp = 10 MEarth 



Gas Flow to Planets  

•! Solid points: high viscosity 

•! Open points: low viscosity 

•! Note flow peaks ~ MSaturn; 
drops sharply > MJupiter. 
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Planet’s Mass Growth 

Early Stages  



Planet’s Radius 



Planet’s Mass 



Planet’s Radius 



Planet’s Luminosity 



Integrated Energy Radiated 



Planet’s Mass (most realistic case) 



Planet’s Mass (most realistic case) 



Planet’s Radius (most realistic case) 



Planet’s Luminosity (most realistic case) 



Radius vs. Mass 



Formation of Jupiter using Opacities 

based on Detailed Grain Physics 
(Movshovitz, Bodenheimer, Podolak & Lissauer, 2010) 

First models of Jupiter growth to simulate 

grain coagulation & settling 

Three different values of disk surface density 
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Giant Planet Formation 

 " = 4 g/cm2 ; t = 1.2 x 106 yr ; MZ = 3.2 MEarth ; MXY = 0.74 MEarth 



Giant Planet Formation 

 " = 4 g/cm2 ; t = 3 x 106 yr ; MZ = 4.1 MEarth = MXY  



Theories of Giant Planet Formation 

2008 

Core-nucleated accretion:  Big rocks accumulated gas"

One model for rocky planets, jovian planets, moons, comets…!

Explains composition vs. mass!

Detailed models exist!
Takes millions of years (depends on Mcore, atmosphere opacity)!

Fragmentation during collapse:  Planets form like stars!

Rapid!

Binary stars are common!

Mass gap!

Requires M > 7 MJ!

Separate model for solid bodies; no model for Uranus/Neptune
!

Gravitational instability in disk:  Giant gaseous protoplanets"

Rapid growth, but cooling rate limits contraction!

Requires unphysical initial conditions (density waves stabilize)!

Separate model for solid bodies; no good model for Uranus/Neptune!



Theories of Giant Planet Formation 

2010 

Core-nucleated accretion:  Big rocks accumulated gas"

One model for rocky planets, jovian planets, moons, comets…!

Explains composition vs. mass!

Detailed models exist!
Takes place within typical disk lifetime!

Fragmentation during collapse:  Planets form like stars!

Rapid!

Binary stars are common!

Mass gap!

Requires M > 7 MJ!

Separate model for solid bodies; no model for Uranus/Neptune
!

Gravitational instability in disk:  Giant gaseous protoplanets"

Rapid growth, but cooling rate limits contraction"

Suitable physical conditions may exist far from stars - HR 8799!



Conclusions    

•!The giant planets took a few million 
years to form 

•!Young giant planets are quite luminous 
–! Integrated luminosity over first few million years well-determined 

–! How much energy radiated during accretion vs. later is uncertain 

•!Gas flow to giant planets provides 
significant angular momentum 
–! Proto-satellite disk 

–! Planetary rotation 

•!Kepler will greatly expand our data on 
terrestrial and giant exoplanets 42 Giant Planets 1 April  2010 


