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Neptunes are Common!

Microlensing:

62+36% of stars have a 5-10 Mg, planet at 0.5-10 AU.

Cassan et al. (2012)

Radial Velocity:

Mass Range

(Msini / M_.,): 10-30 30-100 100-300 300-1000

Occurrence
Rate:

11.8%3% 6522% 1.672% 1.692% 1.692%

10.2 missed

5 detected | ; yotected
2 detected | 2 detected | 2 detected
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Transits:

Kepler
Raw occurrence

Correction for
missed planets
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Petigura et al. (2013)




Planets Detected both Dynamically and
In Transit are Valuable!

Stellar Wobble Transits

Planet \WEESS Planet Radius
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Seven Years Ago
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Non-Kepler Planets

Non—-Kepler Planets

4 100% Iron
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Seager et al. (2007) M-R Relations
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Accumulating a Statistical Sample of Planet M-R
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Marcy et al. (2014)



Adding Incident Flux Dimension
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Zooming Out On the Mass-Radius Diagram
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How Materials Behave at High Pressure

_ . Asymptotic
Lab Experiments Computer Simulations Theories
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1 bar 1 Mbar 3.6 Mbar 10 Mbar ~40 Mbar 100 Mbar

(1 Atm) (Center of Earth) (Center of Jupiter)

Pressure



Model Overview

It’s More
Complicated
Than That

Convéotiye H/He

~~——’

Radiative H/He

(Using an Analytic Model
From Guillot (2010))




Range of Compositions Consistent with
Planet Mass and Radius

Example: GJ 436b
Transiting exo-Neptune
R=4.2210.10 Ry

M =23.17+0.79 My

L. =0.0260 L,
a=0.02872 AU

Toq ~ 660K

Parameters from
Torres et al. (2008)

Degeneracy in internal
composition persists no
matter how small the
observational
uncertainties

MgO.9FeO.1 SiOS

Rogers & Seager (2010a)
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Planet Formation Overview

“Frost line”

rogen-helium

Accreting rocky Accreting rock-ice
planetesimals planetesimals

Figure Credit: Hubbard



Categories of Planetary Material

(lGaS”

H, He, Noble Gasses
Don’t Condense Anywhere in Disk
Weak Van der Waals Interactions

\

“Ices”
H,0, NH,, CH,, CO, CO,
Condense Beyond the Snowline

W41 e Van der Waals, Dipole Interactions

& Hydrogen Bonding

N

“Rocks”

Silicates, Fe, Ni, Oxides

Most refractory material
Covalent, lonic, Metallic Bonding

AN

Decreasing
Volatility

Increasing
Density,
Stiffness



Range of Initial Bulk Compositions

Rogers & Seager (2010b)
after Stevenson (2004)

lce
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Distinguish Formation Scenarios with Limiting

Composition M-R Relations
10 : : : v 3.5




R (R)

Which Planets Are Rocky?
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Which Planets Are Rocky?
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Gas Layer Sources

Sublimation During Formation or
Inward Migration

Rogers & Seager (2010Db)

Ice

Rock CER

4

Accretion of H/He from

Outgassin
8 g Protoplanetary Disk



Outgassing of of Light Gases

e.g. Elkins-Tanton & Seager (2008)

Differentiation
and Iron |
Oxidation

p g

Primitive

Materials Water

Model Parameters:

* Composition Primitive
Material

* % Water Added

* % Oxidation

* % Gas Retention




Which Planets Could Have Gas Envelopes

Originating from Outgassing Alone?
10 : . v . 3.5

T., = 1000K |
T, = 500K

40 50

0.5

Rogers et al. (2011)



Limiting-composition M -R  relations

Water Envelope

Gas Layer from
Outgassing

Potential Liquid
Water Ocean

Low p

Volatile Rich
Needs H/He

Gas Mass too Large
for Outgassing

Too Hot/Puffy for
Water Ocean
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