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A Bit of History: The H-R Diagram

Spectral Type
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A Bit of History: The H-R Diagram
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Planet Mass-Radius Diagram
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Adapted from S.Seager (2011)



Planet Mass-Radius Diagram
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Planet Mass-Radius Diagram

Extrasolar Planet = Exoplahet = Planet™

* The Solar System planets are just our favorite examples.
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Extrasolar Planet Detection Methods

\—j Transit Method

| Light Curve

Doppler Shift due to .
Stellar Wobble | Time







L S TR STeSRERT N B RER SN ]
 E

— y v o
‘ T -— |
| Eomm i 1 i S— S A S 15 8 51 Sl S < s
TI%— ll, IHI ,Lrii I B B W Alr:.,l,m,v £ %

L 1 11
S O I 35 48 § I GEE W 'S
ety = 8 oS3 | o —
- 'I | o e L R Y ]J" I :
; I 7 T N TR XSS .
11 l
I mr N1 1 :
N E 180 SEEEI| BAR | :
1 6 O ) IR T
81§ O 1 0 A 38 | 980 1110 4




| § 1 t
[ T T %‘IF S | E— = =
9 I e L
I 1] nLJlf ‘I L

1 1 | Al :
| N R | .1
1 | I} I SR B ER
:
| |
i
| HE1 | I X : |
|G DG 11
ROLIT OF TTINN WITTHET 1N UHE T O
i1 11 SN 1 i S R |




e D -
- e - —

B |

b







Residual Intensity
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Giant Planet Occurrence Rates
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See also, e.g., Udry et al. (2003)




Giant Planet Occurrence Rates
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NASA-UC Eta-Earth Survey

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)

Constrain population of low-mass planets
and planet formation theory

39% G stars
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NASA-UC Eta-Earth Survey

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)
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NASA-UC Eta-Earth Survey

RV survey of 238 nearby GKM dwarfs
Search for low-mass planets (Msini = 3-30 Mearth)
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HD 156668 - Discovery RVs

_ 10f (a) | Unflltered RVs -
(7
g - ;ﬁ +
& 0OF
O
g $
g ;4
-10F RMS=271ms"
2005 Time (Yr) 2010
(e) | | Unfiltered RVs
20+ -
B - -
S 15
S 10 |1 a8y -
5 -
0 _

100 1000

Perlod (d)

0.1%
1%

Howard et al. 2011b, ApJ



HD 156668 - ngh -pass Filtered RVs
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HD 156668 Re5|dual RVs
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" Mass =4.15 M /sin i P =4.6455d
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A Sample of Eta-Earth Survey Planets from Keck-HIRES
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Limits on Non-detections of Planets
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Howard et al. 2010, Science, 330, 653
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Howard et al. 2010, Science, 330, 653
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Fraction of Stars With a Planet With P < 50 days
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Fraction of Stars With a Planet With P < 50 days

Key Result: Earth-mass Planets Common
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PERCENTAGE OF STARS WITH
PLANETS OF EACH MASS

PLANET
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(IN EARTHS):
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Core Accretion Model of Planet Formation:

Planet Growth

Planet Migration




Population Synthesis Model: Planet Formation & Migration
Mordasini,Alibert, & Benz (2009)
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Migration then Assembly:

Formation of Neptune mass planets inside 1 AU
Hansen & Murray (2011, arXiv:1105.2050)

Assembly then Migration (traditional picture):

Cores form at typically 2 2 AU and then migrate by Type | & |l
Reproduces Jovian population (mostly)

Predicts planet desert (not observed)
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Migration then Assembly:

Formation of Neptune mass planets inside 1 AU
Hansen & Murray (2011, arXiv:1105.2050)

Migration then Assembly (heretical picture):
Planetesimals migrate to < 1 AU and form embryos that interact and accrete
Reproduces: distribution in mass and orbital distance of close-in planets &

details of multi-planet systems
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M (Mg)

Migration then Assembly:

Formation of Neptune mass planets inside 1 AU
Hansen & Murray (2011, arXiv:1105.2050)

Migration then Assembly (heretical picture):

Planetesimals migrate to < 1 AU and form embryos that interact and accrete
Reproduces: distribution in mass and orbital distance of close-in planets &

details of multi-planet systems
Predictions: period ratios
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G| 1214b: Doppler + Transit = Planet Density

ﬁ | Transit Method
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Radius of planet (Rg)
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What is GJ 1214b made of?

Mini-Neptune Water World Super-Earth

Rock

H/He

H/He mass fraction H>O mass fraction H> mass fraction
=10 1t0 6.8% > 47% = 5x104 to 3%

All planets above have M = 6.5 Me and R = 2.7 Re

Rogers & Seager (2010)



Measure Atmospheric Scale Height
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Measure Atmospheric Scale Height
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G| 1214b - Atmospheric Transmission Specrum
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NASA’s Kepler Mission

¢ Determine the frequency of Earth-size and larger planets
in the habitable zone of sun-like stars

e Determine the size and orbital period distributions of planets




NASA'’s Kepler Mission
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Period = 45.29 days
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Period = 45.29 days
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Period = 45.29 days
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Period = 45.29 days
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Kepler-10 Light Curve
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Folded Relative Intensity
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Folded Relative Intensity
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Velocity (ms™)

-0.5

0.0
Orbital Phase

0.5

Batalha et al. (2011)



Kepler-10




Composition of Kepler-10b

2.5 / ®

Gas envelope ice giant GJ 1214b
(10% H/He envelope)

2.0

CoRot-7b

Radius

Kepler-10b
1.0

0.5

0.1 1.0 10
Mass (Earth mass)
Batalha et al. (2011)



Kepler-11




_ " Kepler-11 System _

Solar System




Radii (Earth radius)

Kepler-11

Composition of Kepler-11 Planets
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Dynamically Interacting Multi-transiting Systems




Kepler-22 System
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Planets and orbits to scale



Earth-size and Mars-size Planets

Mars KOI- KOI- KOI- Kepler-20e Earth Kepler-20f
961.03 961.02 961.01

¢ ¢

Johnson et al. (2012); Fressin et al. (2012)



2300 Planet Candidates as of Feb 2012

@ Jun 2010

O Feb 2011 @ reb 2012
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2300 Planet Candidates as of Feb 2012

@ Jun 2010

O Feb 2011

Size Relative to Earth

95% True planets - Morton and Johnson (201 )
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Planet Occurrence — d*f/dlogP/dlogR, Howard et al. (2011c)
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Howard et al. (2011c)

Compute Occurrence vs.
Planet Radius

Sum Occurrence
for all Periods
in R + AR
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Planet Radius Distribution

Kepler

Howard et al. 2011c, ApJ submitted, arXiv:1103.2541
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Fraction of Stars With a Planet With P < 50 days

Planet Radius Distribution

Planet Mass Distribution

Eta-Earth Survey (Doppler)

Howard et al. 2010, Science, 33, 653 Howard et al. 2011c, ApJ submitted, arXiv:1103.2541
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Howard et al. (2011c)

Planet Period Distribution
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Howard et al. (2011c)

Power Law
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Howard et al. (2011c)

Exponential Cutoff Power Law
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Trapping Small Planets in Disk Resonances?
See paper by D. Tsang (2011, Apd, 741, 109)
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Number of Planets per Star with P < 50 days
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Planet Fraction, f(M,F)
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Number of Planets per Star with P < 50 days
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Questions?




