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Inferring Planet Formation Mechanisms  
from Planet Population Statistics 

Measurements Models 



Core Accretion! 

Planet-Metallicity Correlation for Giant Planets	



Correlations between planet occurrence and 	


planet/star properties reveal ���

mechanisms of planet formation and evolution	





Planet 
Occurrence = 

# of Detected Planets 
# of Stars Searched 
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) Challenges: 
•  small number statistics 
•  completeness corrections 

Inferring Planet Formation Mechanisms  
from Planet Population Statistics 



Planet Distribution - Msini-Period	



Exoplanet.eu:	


● all planets	


	


“RV+Astrometry”	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


● all planets ���
   RV+Transit	


	


	


	


Exoplanet.eu:	


clearinghouse of planet 
claims	


	


Exoplanets.org:	


curated orbit database	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


● RV-detected	


● Transit-detected	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


● RV-detected	


	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


RV-detected and:	


● Mstar > 0.6 Msun	



● Mstar < 0.6 Msun ���
   (M dwarfs)	


	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


RV-detected and:	


● Mstar > 0.6 Msun	



	


	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


RV-detected, ���
Mstar > 0.6 Msun and:	


● Mstar < 1.2 Msun	



● Mstar > 1.2 Msun ���
   (F dwarfs, ���
    subgiants, giants)	


	


	


	





Exoplanet Distribution - Msini-Period	



Exoplanets.org:	


RV-detected and:	


● Mstar =0.6-1.2 Msun	


	



	


	


	





Stellar Mass Distribution���
G & K dwarfs	



HIRES Echelle Spectrum	

 Iodine Absorption Cell	



California Planet Search (CPS) — Doppler Searches from Keck	





Giant Planet Occurrence vs. Stellar Mass and Metallicity	


Johnson et al. (2010) 	





Giant Planet Occurrence vs. Stellar Mass and Metallicity	


Johnson et al. (2010) 	





Giant Planet Occurrence Rates	



Cumming et al. (2008)	


	


475 FGK dwarfs	


Giant Planet Occurrence:	


	


	


	


	


α = –0.31 ± 0.2���
β = +0.26 ± 0.1	


	


10.5% occurrence for ���
          Msini = 0.3–10 MJ���
          P = 2–2000 days���
	



Eta-Earth Survey	



See also, e.g., Udry et al. (2003)	





•  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

33%  K stars

28%  M stars


Eta-Earth stars 
Hipparcos (d < 50 pc) 

NASA-UC Eta-Earth Survey 

Statistically unbiased (nearly)  
stellar population:

•  V < 11

•  distance < 25 pc

•  log R’HK < -4.7 (inactive)


G	
  stars	
   K	
  stars	
   M	
  stars	
  



HD	
  156668	
  -­‐	
  Discovery	
  RVs	
  

Howard et al. 2011b, ApJ 
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HD	
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  -­‐	
  High-­‐pass	
  Filtered	
  RVs	
  

Howard et al. 2011b, ApJ 
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HD	
  156668	
  -­‐	
  Residual	
  RVs	
  

Howard et al. 2011b, ApJ 
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HD	
  156668b	
  -­‐	
  Detected	
  Super-­‐Earth!	
  

Howard et al. 2011b, ApJ 

Star:  
HD 156668 (K3V)

distance = 24 pc 
V = 8.3 
[Fe/H] = 0.05  
quiet 
	

Planet: 
M sin i = 4.15 ME



P = 4.6455 d 
e = 0 (fixed) 



HD	
  7924	
  
b	
  

HD	
  156668	
  
b	
  

HD	
  97658	
  
b	
  

Gl	
  785	
  
b	
  

Howard et al. 2009, 2011a,b 
ApJ 

A Sample of Eta-Earth Survey Planets from Keck-HIRES	





Limits	
  on	
  Non-­‐detecaons	
  of	
  Planets	
  

Best	
  Observed	
  

Worst	
  Observed	
  



Howard et al. 2010, Science, 330, 653 

1. Hot Neptunes rare���
   Msini=10-100 ME, P < 20 days	
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2. Highest planet occurrence rate: ���
   ● Msini=10-30 ME, P > ∼20 days	


   ● Msini=3-10 ME, P > ∼5 days	



3. Low-mass planets: 	


   No short-period pileup 	



4. Low-mass planets: 	


   Multi-planet systems common 	



���
Detected planets	


Candidate planets	


  (FAPs ~ 1-5%)	





Msini = 300-1000 ME	


2 Detected planets	


0 Candidate planets	



Howard et al. 2010, Science, 330, 653 



Msini = 100-300 ME	


2 Detected planets	


0 Candidate planets	



Howard et al. 2010, Science, 330, 653 



Msini = 30-100 ME	


2 Detected planets	


0 Candidate planets	



Howard et al. 2010, Science, 330, 653 



Msini = 10-30 ME	


4 Detected planets	


1 Candidate planets	



Howard et al. 2010, Science, 330, 653 



Msini = 3-10 ME	


6 Detected planets	


2 Candidate planets	



Howard et al. 2010, Science, 330, 653 



df/dlogM = 0.39∙M-0.48	



Howard et al. 2010, Science, 330, 653 



Key	
  Result:	
  Occurrence	
  rate	
  of	
  Super-­‐Earths	
  +	
  Neptunes	
  

Howard et al. 2010, Science, 330, 653 

Occurrence	
  rate	
  of	
  super-­‐Earths	
  &	
  Neptunes:	
  
	
  	
  

15+5%	
  occurrence	
  Msini	
  =	
  3-­‐30	
  ME,	
  P	
  <	
  50	
  days	
  -­‐4	
  



Extrapolaaon	
  of	
  Power	
  Law	
  Model:	
  
	
  	
  

ηEarth	
  	
  =	
  23	
  	
  	
  	
  	
  	
  	
  	
  %	
  for	
  Msini	
  =	
  0.5-­‐2.0	
  ME,	
  P	
  <	
  50	
  days	
  

Key	
  Result:	
  Earth-­‐mass	
  Planets	
  Common	
  

Howard et al. 2010, Science, 330, 653 
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HARPS + CORALIE  Volume-limited Survey���
Mayor et al. (2011)	
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2-4 m/s	

 1-3 m/s	



166 GK stars 

376 GK stars 
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HARPS + CORALIE  Volume-limited Survey���
Mayor et al. (2011)	





HARPS + CORALIE  Volume-limited Survey���
Mayor et al. (2011)	



M sin i < 30 MEarth 



HARPS + CORALIE  Volume-limited Survey���
Mayor et al. (2011)	





Keck-HIRES 
HARPS/CORALIE 

1.6 ± 1.2 % 
0.24 ± 0.17 % 

1.6 ± 1.2 % 
0.58 ± 0.29 % 

1.6 ± 1.2 % 
1.17 ± 0.52 % 

6.5 ± 3.0 % 
11.1 ± 2.4 % 

11.8 ± 4.3 % 
16.6 ± 4.4 % 

+1.1σ 

+0.8σ 

+0.3σ 

+1.2σ 

+0.8σ 

Difference 

Howard et al. (2010) 
Mayor et al. (2011) 

 
24 ± 12 % 



Doppler 
Msini = 3-1000 ME 

Keck-HIRES 
HARPS/CORALIE 

 
Kepler 

Kepler 
Rp > 2 RE 

20% 23.1% 
29.7 % 



Ice Giants	



Gas Giants	



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





ADD Comparison w/ 
Theory	



Compare with ���
Mordasini et al. (2009)	





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 AU and then migrate by Type I & II 
Reproduces Jovian population (mostly) 
Predicts planet desert (not observed) 

 



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 
 
Goal of toy model:  
     see how much of the mass/period  
     distribution can be reproduced before  
     invoking new physics (i.e. migration)  

	
  
50	
  ME	
  (embryos)	
  in	
  α=1.5	
  disk	
  t	
  =	
  0	
  

t	
  =	
  0.1	
  Myr	
  

t	
  =	
  10	
  Myr	
  
	
  

final	
  planet	
  distribuaon	
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Kepler-10 Light Curve
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Period = 45.29 days


Kepler-10 Light Curve
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Period = 45.29 days


Kepler-10 Light Curve




Period = 0.84 days


Period = 45.29 days
 Kepler-10 Light Curve




Period = 0.84 days


Period = 45.29 days
 Kepler-10 Light Curve




Kepler-10 Light Curve




Transit Depth:

0.00015


Kepler-10 Light Curve




Transit Depth:

0.00015


R = 1.4 REarth

Period = 0.83 d


Kepler-10 Light Curve




Kepler-10:  Doppler Mass Measurement


Kepler-10b

Mass = 4.6 Mearth

Radius = 1.4 Rearth

Density = 9 g cm-3




Kepler-10b is a Rocky Planet	
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Orbital Period in days 

Jun 2010 Feb 2011 Dec 2011 

2300 Planet Candidates as of Dec 2011 



Focus on Statistics of ���
Planet Occurrence from Kepler	



How to Compute planet occurrence:	


	



1. Select set of planets, stars, and 	


   SNR threshold	


	


2. Correct for transit probabilities	


	


3. Correct for noisy stars using ���
   actual noise measurements (CDPP)	


	


4. Compute planet occurrence in 	


    grid of cells in Rp and period	



2 Earth Radii 

50
 d

ay
s 

95% True planets - Morton and Johnson 
(2011)	
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Howard et al. (2011c) 
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Sum Occurrence  
for all Periods  

in R + ΔR 

Compute Occurrence vs. 
Planet Radius 

Howard et al. (2011c) 



Howard et al. 2011c, ApJ submitted, arXiv:1103.2541 

Planet Radius Distribution 
Kepler 

Power Law Radius Function	


df/dlogR = kRα	



k = 2.9±0.5, α = -1.92±0.11	



+16	
  

Howard et al. 2010, Science, 33, 653 

Power Law Mass Function	


df/dlogM = kMα	



k = 0.39       , α = -0.48	



Extrapolate:	


ηEarth	
  	
  =	
  23	
  	
  	
  	
  	
  	
  %	
  	
  
Msini	
  =	
  0.5-­‐2.0	
  ME,	
  P	
  <	
  50	
  days	
  

Planet Mass Distribution 
Eta-Earth Survey (Doppler) 

-­‐10	
  

+0.27	


-0.16	



+0.12	


-0.14	





Power law with Exponential Cutoff: 
 

dN/dlogP = kPβ (1-exp((P/P)γ)) 

Power Law Exponential Cutoff Planet Period Distribution 

Increasing 
Planet Occurrence 

per log P bin 

Howard et al. (2011c) 



Planet Occurrence vs. M★ 

Howard et al. (2011c) Johnson et al. (2010) 

Occurrence within 0.25 AU 
of small planets  

decreases with M★ 

Occurrence within 2.5 AU 
of giant planets  

increases with M★ 



Alibert, Mordasini, & Benz (2011) 



Planet Densities 

Howard et al. (2011c) arXiv:1103.2541 
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Planet  
Densities 

Howard et al. (2011c)  
arXiv:1103.2541 



Planet  
Densities 

Howard et al. (2011c)  
arXiv:1103.2541 



ρ = 1.6 g/cm3   
  (constant) 

ρ(R) rises with 
decreasing R 

Howard et al. (2011c) arXiv:1103.2541 

Face Value Conclusions: 
•  On average, planets smaller than 3 RE  
   have bulk densities > 4 g cm-3 

•  Terrestrial composition ?! 
 
Complications: 
•  Multiple planets per system 
•  Different stellar samples? 
•  Not one-to-one mapping from radius to mass 



Patterns of Planet Occurrence 
Planet Mass Function 

Planet Radius Function Planet Occurrence vs. Orbital Distance 

Planet Occurrence vs. Stellar Mass 



Extra slides 
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Jovian Planets 

Wright et al. (2009) 
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  Hansen & Murray (2011) 

In	
  Situ	
  Planet	
  Formaaon	
  (Hansen	
  &	
  Murray)	
  

Period Ratio (P2/P1) 

C
um

ul
at

iv
e 

Fr
ac

tio
n 

Just outside 2:1 period ratio 
Consistent with Lissauer et al. (2011) 

Hansen & Murray (2011) focused  
on Mdisk > 25 ME to  
explain close-in Neptunes 
 
For Mdisk < 25 ME it it  
produces super-Earths with  
period ratios on right. 


