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Why search for Exoplanets? 

To answer these ques7ons 

•  How do planets form? 

•  How frequent is the 
process? 

•  How unique is our Solar 
System? 

•  What are the condi9ons 
for life? 

•  Is there other intelligent 
life in our Galaxy? 



Radial velocity method 

  Orbit Parameters 

  lower limit of planet 
mass (m sin i) 

Transit method 

  Orbit Parameters 

  Inclination i 

  Planet radius 

True mass and 
mean density 
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Planet Phases and Secondary Eclipse 

20 



Spitzer Measurements of Radiated Light  at 8 µm of HD 189733 

Knutson et al. 2007 

Tmax = 1211 K 

Tmin = 973 K 



Why observe from space (1)? 

An OGLE 
transit discovery 
(ground-based) 

A CoRoT transit 
discovery  



Why observe from space (2)? 
CoRoT-2b 



In spite of activity noise one can get 
a beautiful transit and RV curve: 

•  Period  = 1.7 d 
•  Radius = 1.46 RJupiterRJup 

• Mass = 3.3 MJupiter 

• Density = 1.3 gm cm–3 



The Exoplanet Discovery Space 



A Tale of Two Transit Space Telescopes:  
The Golden Era of Transit Searches 

The CoRoT Mission (CNES) 
Convection Rotation  

and Planetary Transits 

•   Goals: exoplanets + astroseismology 
•   Polar Earth Orbit 
•   27 cm Schmidt Telescope  
•   4 CCD detectors 
•   2.8° x 2.8° field-of-view 
•   Max. 150 days observing 12000 stars 
•   Duration 6  years 
•   Launched: 27th December 2006 

The Kepler Mission (NASA) 

•   Goal: detect Earth-sized planet in HZ 
•   Orbit: Earth trailing 
•   0.95 m aperture Schmidt telescope 
•   42 CCD detectors 
•   105 square degree field of view 
•   Stare at one star field of  100,000 stars 
•   Duration: 4.5 years 
•   Launched: March 6, 2009 



The Kepler Field CoRoT Eyes 



Credit: J.M. Almenara 
Includes close to 3000 detections, 
ALSO EBs 

REarth 

RNeptune 

RJupiter 

CoRoT‘s Exoplanet Candidates 







Follow-up facilities: if it collects photons, we will use it!



Credits: J.M. Almenara and R. Diaz 

hot stars, fast rotators, no RV variation+no photometry
planets and multiple stellar systems

if unsolved systems are distributed btw 
diluted binaries and planets



Confirmed CoRoT Planets 





density range: 0.3-30 g/cm3

Most close in 
Jupiters are 
inflated 



CoRoT‐9b: Longest period planet 
discovered via transit method 

CoRoT‐9b:   
•  R  = 1.05  RJ 
•  P = 95.274 d 
•  a = 0.41 AU  
•  e = 0.11 
•  m = 0.84 MJ 

•  Teff = 250 – 400 K 

•  Moderate temperature 



Demory and Seager 2011 

Are Close-in Jupiters inflated  because they are hot? 



ρ ~ M1.17 

R ~ M−0.06 



Modified From H. Rauer 

CoRoT-3b : Radius = Jupiter, Mass = 21.6 Jupiter 

CoRoT-1b : Radius = 1.5 Jupiter, Mass = 1 Jupiter 

OGLE-TR-133b: Radius = 1.33 Jupiter,  Mass = 85 Jupiter 

CoRoT-1b 

CoRoT-3b 

OGLE-TR-133b 



Close-in Rocky Planets 
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The first transiting „Rocky“ Planet 
CoRoT-7b 

Prot = 23 d 

Prot (stellar) = 23 d 
Pplanet = 0.85 d 
Depth = 0.035% 
Radius = 1.6 RE 



CoRoT-7b 

The Velocity variation of CoRoT 7b after 
removing the activity variations 

Mass = 7.3 ME ρ  =8.8 gm cm−3 



CoRoT-7b 

CoRoT-7b 



CoRoT-7c 

P = 3.7 Days  Mass = 12.4 ME 



CoRoT-7d 

P = 9 Days Mass = 16.7 ME 



Kepler‐10b the twin of CoRoT‐7b 

Orbital Period: 0.84 d 

Radius: 1.4 REarth 

Mass = 4.6 MEarth 



Radius (REarth) 
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Kepler-10b 

No iron 

Earth-like Iron enriched 

From Diana Valencia 

The Inner Structure of Kepler‐10b and 
CoRoT‐7b 

CoRoT-7b and Kepler 10b likely iron enriched Wagner et al. 2012 



R = 1.16 ± 0.19 REarth 
Tplanet = 2300 – 3100 K 

M = 1.31± 0.24 MEarth 

density = 4.5 ± 2.1 gm cm−3 

Transit detection: Sanchis-Ojeda et al 2013 
Keck Velocity Measurements: Howard et al. 2013 
HARPS-N Velocity Measurements: Pepe et al. 2013  

The Earth-mass Planet Kepler-78b 

Orbital Period = 8.5 hours! 
Orbital distance = 0.01 AU (2.1 Stellar Radii) 



Howard et al. 2013 

Mass (MEarth) 



Diversity in Density 



Factor of 20 in 
density for the 
same mass 

density gm cm−3 





A diversity in densities  

Kepler 10b 
CoRoT 7b 

55 CnCe 



•  a1 = 0.1153 AU, a2 =0.1283 AU, a difference of 10% 

•  m1 = 4.4 ME,    m2 = 8.1 ME, ~ 2x 

•  ρ1 = 7.46 gm cm−3    ρ2 = 0.89, ~ 8x 

•  In situ formation: How can two planets formed in the same 
part of the protoplanetary disk have such different densities? 

•  Migration? 



Planetary Systems 



Kepler‐11: A transi7ng 6 Planet System 



Six Transi7ng Planets 

Kepler‐11b : P=10.3 d 

Kepler‐11c : P= 13.02 d 

Kepler‐11d : P= 22.69 d 

Kepler‐11e : P= 32 d 

Kepler‐11f : P =46.7 d 

Kepler‐11g : P=118.3 d 

M = 4.2 ME 

M = 6.36 ME 

M = 13 ME 

M = 8.3 ME 

M = 2.2 ME 

M < 300 ME 



Dynamical Determinations of the Mass through Transit Timing Variations (TTVs) 
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Comparison to our Solar System 



KIC 11442793: Record Holder with 7 planets 

Cabrera et al. 2013 M
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Red: single transits, Blue: 
multiple transits. 

Single planets come in all sizes, 
but there are relatively few giant 
planets in transiting multiple 
system 

Single versus Multiple Planets 

Latham et al. 2011 



P = 3.6 d 
R = 1.91 RE 
M = 8.7 ME 
a = 0.04 AU 

P = 17 d 
R = 3.1 RE 
M = 16.1 ME 
a = 0.09 AU 

P = 77.6 d 
R = 3.1 RE 
M =  < 20 ME 
a = 0.34 AU 

P = 6.1 d 
R = 0.87 RE 
M < 3 ME 

P = 19.6 d 
R = 1.03 RE 
M < 14 ME 

P = 116 d 
R = 0.38 RE 
M = 0.05 ME 
a = 0.39 AU 

Kepler 20 b, c, d, e, f: A Planet System with 
2 Earth‐sized Planets 



Kepler 37d – The smallest Exoplanet 

R = 0.3 REarth  (1.04 RMercury) 
P = 39.8 d 

R = 0.74 REarth 
P = 21.3 d  

R = 2 REarth 
P = 13.4 d 

d 

c 

b 



Reflected Light from 
the Planet 



CoRoT‐1b:  
Secondary Transit und Phase Curve 

Snellen et al. 2009 

T = 2.100° C  P = 1,5 Days 

The first detec9on of the 
phase curve and 
secondary transit in the 
op9cal. 

Alonso et al. 2009 



Kepler does this better: 

The detection of the secondary transit 
demonstrated that Kepler should easily detect 
the transit of an Earth-size planet 



Planet Albedo 
(geometric) 

Teq (K) Reference 

HD 209458 b < 0.08 (3σ) 1550 Rowe et al. 2008 

HD 75289A b < 0.12 (3σ) 1260 Leigh et al. 2003 

CoRoT-1 b < 0.20 (3σ) 2330 Snellen et al. 2010 

CoRoT-2 b    0.09 ± 0.04 1910 Alonso et al. 2010 

HAT-P-7 b    0.12 ± 0.02 2220 Christiansen et al. 2010,  

Kepler-5 b    0.12 ± 0.04 1868 Desert al. 2011, 

Kepler-6 b    0.11 ± 0.04 1500 Desert  al. 2011 

Kepler-7b    0.32 ± 0.03 1750 Demory et al. 2011 

Earth 0.37 
Jupiter 0.52 
Moon 0.12 

Albedo Measurements of Exoplanets 

Close-in giant planets are dark! 



Planets in Binary 
Star Systems 



Kepler‘s Circumbinary Planets 

Pbinary = 41 days 

Pplanet = 229 days 
Mplanet = 0.33 MJ 

Rplanet = 0.75 RJ 

Kepler 16(AB)b 



The Circumbinary Planets 

Kepler 16 
  Binary     Planet b 
MA = 0.69 M  Pb = 229 d  
MB = 0.20 M  Rb = 0.75 RJ     
PAB = 41 d           mb = 0.33 MJ 

Kepler 34 
  Binary    Planet b 
MA = 1.05 M  Pb = 288 d  
MB = 1.02 M  Rb = 0.22 RJ     
Pbinary = 27.8 d    mb = 0.76 MJ 

Kepler 35 
  Binary    Planet b 
MA = 0.89 M  Pb = 131.4 d  
MB = 1.02 M  Rb = 0.78 RJ     
PAB = 20.7d        mb = 0.13 MJ 

Kepler 38 
  Binary    Planet b 
MA = 0.95 M  Pb = 105.6 d  
MB = 0.25 M  Rb = 0.39 RJ     
PAB = 18.8 d       mb  < 0.38 MJ 

Kepler 47 
  Binary     Planet b    Planet c 
MA = 1.04 M  Pb = 49.5 d           Pc = 303 d 
MB = 0.36 M  Rb = 2.98 REarth  Rc = 4.61 REarth  
PAB = 7.44 d        Orosz, Welsh, Carter et al. Science 2012 



Planets in the 
Habitable Zone 



Radius = 2,38 REarth 
Mass < 36 MEarth 
Period = 290 Days 
Distance to Star = 
0,89 AU 

Temperature = 262 K 

Kepler-22b: „Super-Earth“ 
in the Habitable Zone 



Compared to Solar System 







Kepler‘s „First“ Habitable Earth-sized 
Planet 

R = 1.07 ± 0.12 Rearth 

R = 1.25 ± 0.14 Rearth 

R = 1.40 ± 0.16 Rearth 

R = 1.27 ± 0.15 Rearth 

R = 1.11 ± 0.14 Rearth 



Kepler‘s „First“ Habitable Earth-sized 
Planet 



December 5, 2011: Kepler-22b 
“NASA’s Kepler Mission Confirms its First Planet in the 
Habitable Zone of a Sun-like Star” 

April 18, 2013: Kepler-62e,f and Kepler-69c 
“Earth-Like Planets Found in Habitable Zone around 
Kepler-62, Kepler 69” 
“These planets are not like anything in our solar system. They have 
endless oceans.” 

April 17, 2014: Kepler-168f 
“NASA’s Kepler Discovers First Earth-like Planet in the 
Habitable Zone of Another Star” 

NASA‘s Public Relations (Marketing) Machine 



Kepler’s lineup of “Habitable Planets” before 
Kepler 186f (the “first”) 





What about ηEarth  (fraction of stars with 
rocky planets in the habitable zone)? 

From Petigura et al. (Kepler Conference 2013): 

•  Independent analysis of Kepler light curves 
•  603 small planet candidates found, 10  in 
Habitable Zone  
•  Detection bias assessed with simulations 
inserting and recovering simulated planets 
•  Spectroscopy of the Host Stars with P > 100 d 



The Answer (?): 

22 ± 8% of stars 
have  planets with 
radii 1-2 RE, and 
incident stellar  flux 
0.25-4 FE 

Kepler observed 100.000 stars, should have found 
~100 planets, but only 10 real detections  factor 
of 10 correction 

 If your “experiment” is not detecting most of the 
planets, you need to design one that does 

4 FE  0.5 AU 
0.25 FE  2 AU       



Status of CoRoT 

Kepler-2 

•  On 7 March 2009 one DPU lost (2 CCDs) 
•  On 2 November 2013 second DPU lost, 
just before the start of the second extended 
mission  
•  All efforts to revive have failed.  
•  Operations will formally end mid-2015 
•  > 160.000 light curves 



Status of Kepler 

Kepler-2 

•  In July 2012 one reaction wheel lost 
•  On 14 May 2013 second reaction wheel lost just 
before the start of the extended mission 
•  Precision pointing lost unable to collect high 
precision light curves for a long time  
•  Efforts to revive reaction wheels have stopped 
•  150.000 light curves at start, 100.000 light 
curves over 4 years. 



KEPLER 
 6 March  2009 

 14 May   2013 

CoRoT 
27 December 2006 

  2 November 2012 

The Space Transit Search Graveyard 

Kepler 

Kepler-2 

“Rumors of my death were greatly exaggerated.” 



Kepler-2 

•  2 Reaction Wheels + Thrusters for positioning 

•  Look in Ecliptic where solar wind has minimum 
effect 

•  Observe a field of 10.000 – 20.000 stars  for 
40-80 days, move to the next field 

•  4-6 fields per year 

•  precision ~ 3 x 10−4 

SuperCoRoT 



approved 



The Legacy of CoRoT and Kepler 
1.   The most precise light curves and thus best 

measurements of exoplanet radii and 
densities. 200 Confirmed planets, ~3000 
candidate planets 

2.   Unbiased detections: Every transiting planet 
down to Superearth (Earth) detected, unlike 
ground based surveys that only find the 
largest exoplanets 

3.   First  transiting rocky planet found by CoRoT 
(7b) and its twin by Kepler (10b) 

4.   Rocky planets in “ultra-short” period orbits < 
1 d (Kepler 78b: 8.5 hours!) 



The Legacy of CoRoT and Kepler 

5.  Smallest Planet (1.4 RMoon) found by Kepler 
6.  Multi-planet, compact superearth systems 

are common 
7.  More Neptunes-size than Jupiter-size planets 
8.  Multi-system: Neptunes and Superearths, 

Single: Jupiters, Neptunes, and Superearths 
9.  Circumbinary planets are common 



The Legacy of CoRoT and Kepler 

10. May be a diversity in densities, even for 
adjacent planets  need for PLATO 

11.  First rough estimate of ηEarth (22%) but a 
more accurate value is needed  PLATO 

12.  Lots of stellar astrophysics  not just 
exoplanet missions!  

We are still searching for a planetary 
system like ours! 



“A man’s got  to  know his   limitations.”  “A transit mission’s got to know its limitations.” 



Kepler Parameter Space 

Kepler has only probed 2% of the planetary 
system parameter space 



Known exoplanets 

Undiscovered exoplanets 



Thank you for your attention! 


