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The Kepler Telescope searched ~150,000 FGKM 
stars for evidence of transiting planets…  

Borucki et al. 2011, Batalha et al. 2013, Rowe et al. 2015, Mullally 
et al. 2015, Twicken et al. 2016, Christiansen et al. 2016 



… and detected more than 5,000 planets and 
planet candidates. 

Completeness corrected radius 
distribution from Fulton et al. 2017.  
Also see Youdin 2011, Fressin et al. 2013, 
Petigura et al. 2013, Dong & Zhu 2013, Foreman-
Mackey et al. 2014, Silburt et al. 2015. 

Super-Earths 
Sub-Neptunes 

Evaporation valley?  Lopez & Rice 
(2016), Owen & Wu (2017), Ginzberg et al. (2017), 
Lehmer & Catling (2017), Mills & Mazeh (2017) 

Can constrain H/He mass 
fraction from radius alone 
(Lopez & Fortney 2014) 



Figure courtesy Leslie Rogers.  Also see 
Rogers (2015), Wolfgang & Lopez (2015), 
Wolfgang et al. (2016), Chen & Kipping (2016). 

Two measurements (mass, 
radius), three unknowns 
(relative abundances of 
water, rock, H/He gas) = 
degenerate solutions. 

Rocky core 

Water-rich  
envelope 

H/He 
envelope 

Less (No?) H/He 

Mostly H + He 

Mass measurements for ~200 planets 



Sing et al. (2016)  
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Studied the 
atmospheric 

compositions of a 
few dozen planets 

(not very well). 

Atmosphere 

Star 

Planet 

Clouds attenuate expected 
absorption features in majority of 
planets observed to date 



Possible Trend in Atmospheric Metallicity, But 
Significant Diversity at Lower Masses 

Figure adapted from Wakeford et al. (2017).  GJ 436b measurement from 
Morley et al. (2017), HD 209458b from Brogi et al. (2017) 
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Cataloging the  Diversity of 
(Exo)planetary System Architectures 

Solar System 

Mercury Venus Earth 

Closely-Packed Mini-Neptunes 
(Kepler-11; Lissauer et al. 2011) 

b c d e f g 

Hot Jupiters 
(HD 189733; Bouchy et al. 2005) 

b 

 (radii to scale + 
distances to scale) 

Want to go from stamp collecting -> storytelling. 



Final 
compositions, 
architectures: 	

The Story So Far:  
Most Exoplanets Formed Via Core Accretion 

Rock/ice core 

H/He envelope 

Gas giant planet 

Core 
accretion 
model: 	

Classic: Pollack et al. 1996 
Modern: Youdin & Goodman (2005), Lambrechts & Johansen (2012) 



Evidence for Core Accretion:  Gas Giant Planets 
Are More Common Around Metal-Rich Stars 

Small planets are controversial:   
Wang & Fischer (2013)< Buchhave & Latham (2015), Zhu et al. (2016) 

Fischer & Valenti (2005) 
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Posterior Predictive 1�

Jupiter & Saturn

Evidence for Core Accretion:  
Gas Giant Planets Have Enhanced Metallicities	

Thorngren et al. (2017) 

H/He envelope 
+ metals 

10 MJup core, 50% 
water, 50% rock 



Big Questions for the Core Accretion Model 

What sets H/He mass 
fraction? 
 

Density vs semi-major axis: 
(e.g., Mills & Mazeh 2017) 
 

Core mass, composition 
vs semi-major axis? 
Multi-planet systems  
(e.g., Dawson, Lee, Chiang 2016).	

Inner and Outer Limits for Core Growth?	
Semi-major axis distribution from transit (e.g., Lee & 
Chiang 2017) + direct imaging (e.g., Brandt et al. 2014). 

Ice line 



The Story So Far:  Planets Migrate, 
Sometimes Large Distances 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Disk Migration 

Image credit: P. Armitage 

3rd body 

High Eccentricity Migration 
 

Central 
Star 

Planet 

Key evidence: population of exoplanets 
on highly eccentric and/or inclined 
orbits in multi-body systems.   

Smooth convergent migration leads to 
orbital resonances.  Examples include: 
GJ 876, Kepler-223, Kepler-36, Neptune 
+ Kuiper belt, Saturn’s rings + moons. 



Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Orbital Resonances Exist, But Are Less 
Frequent Than One Might Expect 

Period ratios of multi-planet 
systems from the Kepler sample.  
(Fabrycky et al. 2012, Winn & Fabrycky 2015) 

Why?  No consensus. 
(Adams et al. 2008, Rein & Papaloizou 
2009, Goldreich & Schlichting 2014, 
Baytgin 2015, Hansen & Murray 2012, 
Lee & Chiang 2014, 2015) 



Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Why eclipsing systems? 
The planets I study are too 
far and too faint to resolve 
directly. 

Planet-Planet Interactions Excite Orbital 
Eccentricities of Widely Spaced Planets 

Bryan et al. (2016) 

Fit posterior probability distributions for inner planet 
eccentricities with a beta distribution (Kipping et al. 2013): 
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Single planet systems 

Studies based on short-period Kepler systems (Limbach & Turner 2014, Xie 
et al. 2016) reached the opposite conclusion. Dynamical instabilities?  
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Solar System 
 (radii to scale + distances to scale) 

Uranus Neptune 

Radial Velocity 
Survey Sensitivity 

Kepler (Transit) 
Survey Sensitivity 

Terrestrial 
Planets 

Jupiter Saturn 

We have a huge blind spot in our understanding 
of exoplanetary systems. 

Control dynamical evolution of solar system, 
flow of materials to inner disk. 

Long-Term RV surveys + Gaia 



Planets orbiting one component 
of a multi-stellar system. 
 

Another Blind Spot:  Stellar Binaries 

Ngo et al. (2016, 2017).  Also Horch+ (2014), 
Law+ (2014), Wang+ (2014, 2015ab), Woellert+ 
(2015ab), Baranec+ (2016), Kraus+ (2016), Evans+ 
(2016), Moutou+ (2017), Hirsch+ (2017)....   

Need more dedicated surveys of 
known binaries (e.g., Desidera et al. 2014, 
Bonavita et al. 2016) 	

Single star systems 

Circumbinary planets (e.g., Doyle+ 2011, 
Welsh+ 2012, Schwamb+2013, Armstrong+ 2014) 



Bulk, Atmospheric Compositions Can Help 
Constrain Formation Locations.  

Ice line Planets formed in situ should 
have more rock and less water. 

Planets formed farther out 
should be water-rich. 

C/O ratio in gas vs solids also varies as a function of semi-major 
axis (Oberg et al. 2011, Madhusudhan et al. 2014, Cridland et al. 2016, Oberg & Bergin 2016, Ali-Dib 

2017, Piso et al. 2017), but accreting atmospheres may also incorporate 
some solids (Espinoza et al. 2016).	



Trappist-1:  An Important Case Study for 
Formation, Migration Models (Gillon et al. 2016, 2017) 

Inner three planets look rocky, outer four planets 
have more volatiles (Wang et al. 2017). 

Dynamically delicate system constrains past 
migration (Tamayo et al. 2017) 

Image credit: Nature 



Conclusion:  The Life Story of Planetary Systems   

Masses, compositions of 
newly formed planets	

Initial disk conditions, 
properties of host star(s) 	

Final architectures	

Other Earths?	
Image credit: P. Armitage 

Dynamical 
evolution +  
 
Atmospheric 
mass loss	


