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Reminder: Small Planets are Common

Mp sin i 

Transits/Kepler 
(Howard et al. 2011)

Doppler/HARPS 
(Mayor et al. 2011)(Petigura, Howard, Marcy 2013) 



Kepler Mission

(NASA,

2009-2013*)
*resurrected as: K2

• A search for Earth-like 

planets by the transit 

technique

• Brightness measurements of 

150,000 stars

• In orbit around the Sun



Courtesy J. Rowe., via Lissauer et al. 2014



Campante et al. (2015)

Any connection? 

Any connections at all?? 

Any connection? 

20%er

1%ers



https://www.youtube.com/watch?v=gnZVvYm6KKM

or 

http://kepler.nasa.gov/multimedia/animations/orrery3/



Kepler-11

Lissauer, Fabrycky, Ford et al. 2011



Kepler-11

Lissauer, Fabrycky, Ford et al. 2011



Image: NASA/Pyle
Designed by Lissauer

and Fabrycky 



** Available at Kepler’s website

Kepler-11, Tim Pyle/NASA.  Designed by Lissauer and Fabrycky 



Image: NASA/Pyle







Dynamical Model of Transits

Use Newton’s equations to integrate a 3-body system

Numerical transit times and radial velocities

Fabrycky (2010)



Transit Timing Variations





Kepler-11 parameters

Lissauer et al. (2013)



Fortney, Lopez, Miller



Other Extreme Sub-Neptunes

• Kepler-51 (Masuda 2014) 

– Mb=2.1+1.5
-0.8 ME       Rb=7.1±0.9 RE

• Kepler-79 (Jontof-Hutter et al. 2014)

Same density as the 

architypical puffy hot Jupiter, 

TrES-4 (Sozzeti et al. 2015)



Most Constraining System for M/R models 
Kepler-36 (Carter, Agol, et al. 2013)

Planet b Planet c

P (days)

Mp (ME)

Rp (RE)
EXCEPTIONAL The RULE: Adjacent 

planets similarly sized.

Ciardi et al. (2013)





Mutual inclinations

1) Statistics of Transiting Multiples (Lissauer, Ragozzine + 2011

Fang & Margot 2012, 

1) Ballard & Johnson 2014)

1) Matching RV’s systems to Kepler’s
(Tremaine & Dong 2011, Figueria + 2012)

3) Duration Ratio Statistics, explained next



Kepler-33
(Lissauer et al.)

Durations in Systems

Tdur



Durations in Systems



A variable to sense mutual inclinations:

> 1  [circular, coplanar]

~ 1 [uncorrelated]

Architectures II; Fabrycky, Lissauer, et al. (2014)



Modeling mutual inclinations

Architectures II; Fabrycky, Lissauer, et al. (2014)



Modeling mutual inclinations

σi

Architectures II; Fabrycky, Lissauer, et al. (2014)



Modeling mutual inclinations

σi

Architectures II; Fabrycky, Lissauer, et al. (2014)



Fitting Results

Architectures II; Fabrycky, Lissauer, et al. (2014)



Planetary systems are flat

Solar System planets

Fabrycky, Lissauer, et al. 2014

Maybe better constraints from durations vs. stellar densities –

Ford, Quinn, Veras (2008) 



Period Ratios (RV)

Winn & Fabrycky (2015); see also Xie (2014)



Period Ratios (Kepler)

Architectures II; Fabrycky, Lissauer, et al. (2014)



Period Ratio Redistribution

• Tidal dissipation on inner planet 
(Yes: Novak, Lai, Lin 2002, Terquem & Papaloizou 2007, 

Lithwick & Wu 2012, Batygin & Morbidelli 2012; 

No: Lee, Fabrycky, Lin 2013; 

Maybe so: Hansen & Murray 2014; Delisle & Laskar 2014) 

• Planetesimal Scattering (Moore et al. 2013; 

Chatterjee & Ford 2014)

• Turbulence in 

migration (Rein 2012)



Winn & Fabrycky (2015)



Exceptional Exceptions: Resonant chains

• A few multi-resonant systems:

- Kepler-223 (KOI-730; 4:3, 3:2, 4:3)

- Kepler-60 (KOI-2086; 5:4, 4:3)

- Kepler-80 (KOI-500; 1.518, 1.518, 1.350)

The Rule: Pairs are not in resonance



Summary

• Kepler found a host of multiplanet systems.

• Planet masses and system architectures are coming 

from transit measurements themselves

• Leaves challenges for planet formation, migration, etc.

NASA/JPL-Caltech KOI-961 Muirhead et al. 2012


