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Simulation showing infall onto a massive protostellar disk
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Two basic requirements for gravitational disk instability to work:

1.

2. The cooling time for fragments must be less than half an orbital
   period (Gammie (2001).
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Objects like 2M1207b almost certainly formed through a process 
that involves some form of gravitational instability.



Laughlin, Korchagin & Adams 1997
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If GI constitutes a frequent 
mechanism for planet formation, 
then one expects to frequently find 
Jovian-mass planets in low-
metallicity environments -- e.g. 
orbiting halo stars, solar 
neighborhood Pop II stars, globular 
clusters. 

 These planets are currently 
accessible to microlensing surveys,
wide-field transit surveys and also 
to targeted RV surveys of metal-
poor stars in the solar 
neighborhood.



During Phase 1, the growing planet 
consists mostly of solid material. The 
planet experiences runaway accretion 
until the feeding zone is depleted. Solid 
accretion occurs much faster than gas 
accretion during this phase. 

During Phase 2, both solid and gas 
accretion rates are small and are nearly 
independent of time. This phase dictates 
the overall evolutionary time-scale.

During Phase 3, runaway gas accretion 
occurs. Runaway gas accretion starts 
when the solid and gas masses are 
roughly equal.

The Core Accretion Paradigm
Perri & Cameron 1974, Mizuno et al 
1978, Mizuno 1980, Bodenheimer & 

Pollack 1986, Pollack et al 1996



During Phase 1, the mass increase of the 
planet depends on the planetary radius, 
and the ratio of the gravitational to 
geometric cross section: 

The Core Accretion Paradigm
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Because the escape velocity from the planetary surface is much faster than 
the relative velocity of planetesimals, this phase is characterized by a 
runaway growth of the solid core which ends when the core depletes its 
feeding zone, defined by: 

Hill Radius

(Pollack et al 1996)



As runaway solid accretion proceeds through several Earth masses, the gas 
envelope becomes increasingly significant. Modeling of this stage requires 
computation of the hydrodynamic structure and effect of the gas envelope.

1. Stellar Evolution code for the quasi-
equilibrium envelope:

2. Planetesimal dissolution routine:
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Pollack et al 1996 - “classic” 
baseline core-accretion 
formation model for Jupiter.
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Observed disk lifetimes tend to 
be in the 2-3 Myr range.



The “standard model” of Pollack et al 1996 predicts:

1.   A planet with a core mass that seems too high.
2.   A timescale to reach runaway gas accretion that seems too long.

A great deal of work has been done from 1996-2006 
to refine core accretion. Examples include:

1. Improved physics:
	 equation of state (reviewed by Saumon & Guillot 2004)

	 envelope opacity (Ikoma et al 2000, Podolak 2003)

2. Additional physics:
	 migration of the cores 
	 (Papaloizou & Terquem 1999, Alibert et al 2004, Ida & Lin 2004)

	 turbulence in the disk (Rice and Armitage 2003)

	 competition between embryos (Hubickyj, Bodenheimer & Lissauer 2005)

	 time evolution of the disk 
	 (Alibert et al 2004, Ida & Lin 2004, Laughlin,Bodenheimer & Adams)



• Grain opacities are a key issue. Original studies (e.g Pollack et al 1996) used 
envelope opacities with an interstellar size distribution.

• But material that enters a giant planet envelope has been modified from the original 
interstellar grains by coagulation and fragmentation.

• Calculations by Podolak (2003) indicate that once grains enter the protoplanetary 
envelope, they coagulate and settle out quickly into warmer regions where they are 
destroyed. Podolak argues that true opacities are  ~50x smaller than interstellar.  
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Reduced grain opacity greatly speeds up the gas 
accretion timescale.

(Hubickyj et al. 2005)



A key (and well established) result of standard core accretion theory is the 
extraordinary sensitivity of the time of onset of rapid gas accretion to the 
surface density of solids in the disk.

Recent calculations by Hubickyj et al (2005),  illustrate that decreasing the 
solid surface density from 10 to 6 gm/cm2 causes a 12 Myr delay in the 
onset of rapid gas accretion. 
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Fischer & Valenti 

The extrasolar planet - host star metallicity connection is one of the 
most remarkable results to have emerged from the radial velocity 
surveys. This correlation certainly provides an important clue to the 
planet formation process.  
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Saumon and Guillot (2004) compute the allowed ranges for Jupiter’s 
core mass and the mass of heavy elements mixed into the envelope 
for which planetary models having different different H-He 
equations of state can match Jupiter’s Req, J2 and J4 to 2-sigma.

Jupiter seems to have a small core.



* multiple planet systems

circularization boundary
occurs at a period of 

about one week.

As more planets with 
periods of approximately 

one week are 
discovered, the tidal 

quality factor, Q, which in 
general should depend on 

Mass, Teff, and 
composition will become 
better constrained. Right 
now, the circularization 

boundary suggests 
<Q>~10^6 
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HD 128311

gj 876 hd 128311

hd 37124Over half of the short-period 
planets that have been 
discovered show evidence for 
detectable additional 
companions. Multiple-planet 
systems can tell us much more 
about the formation and 
evolutionary processes that 
are sculpting the galactic 
planetary census.



The size of HD 209458b, HD 149026b, and the 
other known transiting planets show that there are 

a large range of core masses.



Frederic Pont’s Summary Table of 18 Transiting Planets



Incredible follow-up 
observations are 

being 
made with Spitzer. 

These observations of 
HD 189733 come 
from Knutson et al. 

2007.



Interpretation of the result: Hottest and coldest spots 
are on the same side of the planet.



HAT-P-2b



HAT-P-2b

Temperature Range: 950K to 2170K









A great deal of work has been done in the last decade 
to refine core accretion. Examples include:

1. Improved physics:
	 equation of state (reviewed by Saumon & Guillot 2004)

	 envelope opacity (Ikoma et al 2000, Podolak 2003, Marley et al. 2006)

2. Additional physics:
	 migration of the cores 
	 (Papaloizou & Terquem 1999,  Alibert et al. 2004, 2006, Ida & Lin 2004,2006)

	 turbulence in the disk (Rice and Armitage 2003)

	 competition between embryos (Hubickyj, Bodenheimer & Lissauer 2005)

	 time evolution of the disk 
	 (Alibert et al. 2005,2006, Ida & Lin 2004, Laughlin,Bodenheimer & Adams 2004)



• Grain opacities are a key issue. Original studies (e.g Pollack et al 1996) used 
envelope opacities with an interstellar size distribution.

• But material that enters a giant planet envelope has been modified from the original 
interstellar grains by coagulation and fragmentation.

• Calculations by Podolak (2003) indicate that once grains enter the protoplanetary 
envelope, they coagulate and settle out quickly into warmer regions where they are 
destroyed. Podolak argues that true opacities are  ~50x smaller than interstellar.  
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Reduced grain opacity greatly speeds up the gas 
accretion timescale.

(Hubickyj et al. 2005)
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Marley and collaborators (2007) have shown that core accretion 
leads to giant planets that are much fainter at early times than a 
high-entropy (“hot start”) initial condition would suggest. This has 
important consequences for direct imaging of exoplanets.
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Transition from Type I 
to Type II migration

Planet migrates into 
region containing 
observed exoplanets 
and ends up with 3.5 
MjupDisk Mass declines 

with time

Onset of isolation 
mass is eliminated

Alibert et al (2005, 2006) extended the core-accretion scenario to 
include migration, disk evolution, and gap formation. They find much 
reduced time-scales for the onset of rapid gas accretion. 



Given after-the-fact modeling, the Alibert et al. framework can readily account 
for systems such as HD 69830 (which contains three neptune-mass planets). 
Models of this type make specific predictions for the composition, and hence 
the radii of the planets.



Folded photometry (taken over a baseline of several years) 
were interpreted as not indicating a transit.

Gl 436 was the first Neptune-mass planet discovered 
(Butler et al. 2004)









Gl 436 is made mostly of water. It 
migrated to its current location



Weather forecast for Gl 436b (2 full orbits)

Western Hemisphere                               Eastern Hemisphere                               



Orbit of Mercury
(for scale)

Planet shown at 
intervals of 24 h

Small dots spaced 
by 2.4 h

Irradiation
at Periastron



HD 80606 b

Temperature Range: 700 K to 1200K



HD 185269 b

Temperature Range: 900K to 1760K



Observed DistributionIda & Lin Model Distribution

 Semi-Major Axis (AU)  Semi-Major Axis (AU)

Starting to be observed

Ida and Lin (2004, 2005, 2006), Kornet et al. (2005), and Robinson et al. (2006) carried out a 
large number of Monte-Carlo simulations which draw from distributions of disk masses and 
seed-planetesimals to model the process of core accretion. These simulations always 
reproduce the planet “desert”, and predict a huge population of terrestrial and ice giant 
planets somewhat below the current detection threshold for radial velocity surveys.
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accrete onto star



A key (and well-established) result of the core accretion theory is the 
extraordinary sensitivity of the time of onset of rapid gas accretion to the 
surface density of solids in the disk.

Calculations by Hubickyj et al (2005) find that decreasing the solid surface 
density from 10 to 6 gm/cm2 causes a 12 Myr delay in the onset of rapid gas 
accretion. This leads to a variety of observational opportunities to test the 
basic model. For example, this solid surface density decrease corresponds to 
a ~0.2 dex decrease in metallicity. It’s likely a major factor underlying the 
observed planet-metallicity correlation:



Trends that should exist for post-core accretion 
Jovian planets.



The relative planeticity of higher mass stars can be explored via both RV (John 
Johnson’s thesis RV survey, and Bunei Sato’s ongoing RV survey) and also by transit 
surveys (when they reach sufficient numbers of planets for statistical inferences).

Hertzsprung gap stars
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The HD 69830 Detection is a Groundbreaking Discovery

6 m/s 

0.86 Msun
<1 m/s “jitter”



10.2 Earth Masses
11.8 Earth Masses
18.1 Earth Masses
The error on the half-

amplitude, K, for planet b 
is 0.2 m/s



Our simulations of planet formation are indicating that it’s very likely that Earth-
size planets are common on short-period orbits around low-mass stars. 

I predict that within a year, there will be an RV+photometric ground-based 
detection of a potentially habitable planet transiting an M dwarf.

Hydrodynamical simulation of 
the atmospheric flow on Gl 581c


