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TECHNIQUES FOR FINDING 
EXTRASOLAR PLANETS 

Method Yield Mass Limit  Status 
 
Pulsar Timing m/M ; τ Lunar  Successful (3+~2) 
  
Radial Velocity m sini ; τ super-Earth     Successful (500+) 
 
Astrometry m ; τ ; Ds ;  a 
 Ground: Telescope  Jupiter 
 Ongoing 
 Ground: Interferometer sub-Jupiter  In development 
 Space: Telescope  sub-Jupiter  Ongoing 
 Space: Interferometer Uranus  Being studied 
 
Transit Photometry A ; τ ; sini=1 
 Ground   sub-Jupiter  Successful (100+) 
 Space, 27 cm  sub-Uranus      CoRoT (~25) 
 Space, 1 m   Mars  Kepler (~60 + ~2000) 
 
Microlensing:  f(m,M,r,Ds,DL )  
 Ground  super-Earth     Successful (~ 14) 
 
Direct Imaging albedo*A ; τ ; Ds ; a ; M 
 Ground  Saturn  Successful (10+) 
 Space  Earth  Being studied 



Stars and Planets 



Transits Can Reveal Earth-size Planets 

From TRANSIT DATA obtain: 

Duration, depth, orbital period and inclination. 

Derive planet sizes and orbital radii (when combined with stellar information) 
 

From ENSEMBLE of PLANETARY SYSTEMS obtain: 

Estimates frequency of planet formation for inner planets. 

Requires thousands of stars because most orbits won’t be aligned properly 
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2004 Venus Transit at Sunrise 
 



Kepler 
Mission 

• NASA, photometry of > 150,000 stars 
• Looking for Earth-like planets in transit 
• < 40 ppm in 6 hours; 30 minute cadence 



Kepler Mission Goals 
Explore the structure and diversity of extrasolar planetary systems 
 

1. Determine the frequency of terrestrial planets in or near 
the habitable zone of a wide variety of spectral types of 
stars;   

2. Determine the distributions of size and semi-major axis of 
these planets;     

3. Estimate the frequency and orbital distribution of planets in multiple-star 
systems; 

4. Determine the distributions of semi-major axis, albedo, size, mass and density 
of short-period giant planets;        

5. Identify additional members of each photometrically-discovered planetary 
system using complementary techniques;     

6. Determine the properties of those stars that harbor planetary systems. 



SPACECRAFT & INSTRUMENT 
Largest focal plane 
 for a NASA flight mission:  
94.6 million science pixels 
 
42 science CCDs,  
2 channels each 
 
4 fine guidance  
sensor (FGS) CCDs 
 
CCDs controlled at -85C,  
Readout electronics at 
room temperature 
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Star Field: Cygnus-Lyra  



2326 Kepler 
Planet 
Candidates 
12/2011  
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Kepler-16:  
A Saturn-like planet 
orbiting a close binary 



Kepler-35(AB)b 

 



Distributions vs. Galactic Latitude 

Planet candidates, 
including multis, track 
targets, not BGEB FPs 

 

Few planet 
candidates are 
BGEB FPs! 



Most Multi-planet Candidates are Planets 
 

• 175,000 Kepler targets 
• 2321 KOIs (1.33% of the targets)  
• 232 false positives (assume 10% are FPs) 
•  EBs are distributed randomly among targets 
•  Fraction of targets near EB = 232/175000 = 0.133% 
•  Number of KOIs (planet or EB) accompanied by EB:                  
= 2321 x 0.133% = 3   
 

Then we expect only 1.33% x 232 = 3 multis with a FP  
 

But we observe 365 multis (with 897 planet 
candidates)! 
 
 
 
 



Period ratios and stability 

 

Random pairings 
7.6% would be unstable 
x 742 pairs 
= 56 unstable pairs 

2 unstable pairs 



“False Multi” Scenarios 

• One of the transit signals is from a background binary 
star or background star with planets, blended.  

• The transits are from planets around different, 
physically-bound, stars. 

• If all pairs were “false multis”, ~ 56 would seem unstable.   
• 2 pairs seem unstable => ~ 3 - 4% are “false multis” 
• ~ 96% are real => high fidelity for statistical investigations. 



Double Planets: 
Orbiting 1 or 2 stars?  

        Double Transit signal could be due to: 

Two Planet System 2 Stars with 1 Planet each 



KOI-284, The 1st Unstable Multi 
3 candidates 

Periods: 

6.18, 6.42, 18.0 
days 

The one multi 
(of 170 studied) 
that is clearly 
unstable 

 

Most likely 
answer: one star 
has 2 planets, 
the other has 1 



Kepler-9b,c 



Kepler-9 b,c,d 

 



Transit timing - Planet perturbations 

• Models without 
interactions give 
poor fits 
 

• Models with planets 
affecting each other 
give good fits 
 

• TTVs can be used to 
confirm planets & 
measure masses 



Kepler-10 
10b: R = 1.4 REarth, M = 4.6 MEarth, P = 0.8 days 
10c: R = 2.2 REarth, M < 20 MEarth, P = 45 days 
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Kepler-36: A Pair of Planets with Neighboring Orbits and Dissimilar 
Densities 

(Carter et al. 2012) 
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View from Kepler-36b 



Other Systems: A TTV-Confirmation Catalog 

Ford et al. 2012, Steffen et al. 2012, Fabrycky et al. 2012 

9:7 resonance near 2:1 near 2:1 near 3:2 



 



Kepler-11 

A really cool system 
with 6 transiting 

planets 



Kepler-11:  Six Transiting Planets 

Time  [days]  after 23 May 2010 



Lightcurve Q1-Q6 

• Colored dots represent transits of six planets 









← Transits 
 

TTV’s → 





Kepler-11 numerical integration 



 

Image: NASA/Pyle 



Kepler-11 parameters 



 













Kepler-33 
(Lissauer et al.) 

Durations in the Kepler-33 System 

Tdur 



Durations in the Kepler-33 System 



A variable to sense mutual inclinations: 

> 1  [circular, coplanar] 
~ 1 [uncorrelated] 

Fabrycky, Lissauer, Ragozzine et al. 2012 



Modeling mutual inclinations 

Fabrycky, Lissauer, Ragozzine et al. 2012 



Modeling mutual inclinations 
σi 

Fabrycky, Lissauer, Ragozzine et al. 2012 



Modeling mutual inclinations 

σi 

Fabrycky, Lissauer, Ragozzine et al. 2012 



Modeling mutual inclinations 

Fabrycky, Lissauer, Ragozzine et al. 2012 

i 
 

i  is Rayleigh distributed 
   width parameter σi  



Fitting Results 

Fabrycky, Lissauer, Ragozzine et al. 2012 



Planetary systems are flat 

Fabrycky, Lissauer, Ragozzine et al. 2012 

Solar System planets 

Solar System planets without Mercury 



Planet Candidate Catalog (Batalha et al. 2012) 



Systems with 3+ 
planet candidates 





Period ratios 

• Broad distribution – most pairs are non-resonant 
• Factor-of-2 enhancements near 2:1 and 3:2 resonance 
• Enhancement is on the wide side of the resonance 
 



Near-resonance Features 

Gravitational effect?  (a la Kirkwood gaps) 
   pro: Gap seems to scale with planet radius (mass?) 
   con: Gap is not symmetric about the resonance 
Tidal repulsion?  
   pro: Qualitative match to data 
   con: Requires substantial tidal damping 
   Prediction: Gap shrinks/vanishes farther from star 



KOI-500 



KOI-730: A Resonant 4-Planet System 

Fabrycky et al., in prep 

P/P=1.33411(8) 
P/P=1.50157(5) 
P/P=1.33341(3) 



Kepler, the Multiple-Transiting 
Planet Machine 

• Multiplanets are now on a firm statistical footing 
• New types of planetary systems  
       (extremely compact, multi-resonant) 
• Multiple-transits allow for the easy interpretation 

of transit timing variations (TTV) 



Real dropoff Difficult to observe 

Real ‘dip’ 
Very difficult to observe 

Mass Distribution of RV Planets 





Small planets are numerous 

Mp sin i  

Transits/Kepler  
(Howard et al. 2011) 

Doppler/HARPS  
(Mayor et al. 2011) 



Giant and Terrestrial Planets 
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DETECTING EARTH-SIZE PLANETS 

• The relative change in brightness (∆L / L) is equal to the relative 
areas (Aplanet/Astar) 

 

 

 

 

 

 

 

 

• To measure 0.01% must get above the Earth’s atmosphere 

• Method is robust but you must be patient: 
  Require at least 3 transits preferably 4 with same brightness 

change, duration (how long the star is dimmer) and period (time 
between dimmings) 

Jupiter:  
1% area of the Sun (1/100) 

Earth or Venus 
0.01% area of the Sun (1/10,000) 
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The minimum detectable planet size versus planetary orbital period for a 12th 
magnitude solar-like star (G2), a CDPP of 20 ppm and >4 half-maximum transits.  

  (Ref: Koch et al, , Overview and Status of the Kepler Mission, SPIE Conf 5487, 1491-1500 Optical 
Infrared, and Millimeter Space Telescopes, J. Mather ed., Glasgow, Scotland, 2004) 

KEPLER  CAPABILITIES 
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•Adapted from Presentation by 

•George Ricker, on behalf of the TESS Science Team 

     Transiting Exoplanet Survey Satellite (TESS) 
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TESS Ricker/MIT 

 Kepler 
100 deg2 FOV  

TESS 
40000 deg2 FOV 
200 ly radius 



Conclusions 

365 Kepler targets have 2 or more planet 
candidates (897 candidates) 
These multi-planet systems tell us a great 
deal about the architecture of planetary 
systems 
Kepler-11 is supercalifragilisticexpialidocious 





 



 













Kepler-11:  Six Transiting Planets 

Time  [days]  after 23 May 2010 



Planet Mass-Radius Relationship 



Confirming a planetary system 

 

Kepler-9b,c 
Holman et al. 2010 
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Kepler-8 

KOI-428 

(2) Kepler-10 

(6) Kepler-11 

(3) Kepler-9 

Kepler-14 

Kepler-7 

Kepler-6 

Kepler-12 

Kepler-4 

Kepler-16 

KOI-196 

TrES-2 

HAT-p-7 

Kepler-19 (2) 

Kepler-13 

Kepler-15 

KOI-423 

Kepler-5 

HAT-p-11 

Kepler-17 

(3) Kepler-18 Kepler-21 

Kepler-22 

Kepler-20 (5) 

Kepler-35 

Kepler-34 

Fressin et al. 2012 
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Kepler-8 

(2) Kepler-10 

(6) Kepler-11 

(3) Kepler-9 

Kepler-14 
Kepler-6 

Kepler-4 

Kepler-16 

TrES-2 

HAT-p-7 

Kepler-19 (2) 

Kepler-13 

Kepler-15 

KOI-423 

Kepler-5 

HAT-p-11 
Kepler-17 

(3) Kepler-18 
Kepler-21 

Kepler-22 

Kepler-7 

Kepler-12 

Kepler-20 (5) 

KOI-428 

Kepler-34 

(2) Kepler-23 

Kepler-24 (2) 

Kepler-25 (2) 

Kepler-26 (2) 

Kepler-27 (2) 

Kepler-28 (2) 

Kepler-29 (2) 

(3) Kepler-30 

KOI-196 (2) Kepler-31 
Kepler-33 (5) 

Kepler-35 
Kepler-32 (2) 

KOI-961 (3) 
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