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Are we alone in the Universe? 
The plurality of worlds 

In some worlds there is no Sun and Moon, in others 
they are larger than in our world, and in others more 
numerous. In some parts there are more worlds, in 
others fewer (...); in some parts they are arising, in 
others failing. There are some worlds devoid of living 
creatures or plants or any moisture.	  
– Democritus (ca. 460-370 B.C.), after Hippolytus 
(3rd cent. A.D.)	  

	  
 
There cannot be more worlds than one. 	  
           Aristotle [ De Caelo ]	  
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Many	  planets	  in	  the	  Galaxy	  





Discovery	  Method Number	  of	  
Planets 

Radial	  Velocity 553 
Transit 397 
Imaging 38 
Microlensing 23 
Eclipse	  Eming	  variaEons 9 
Eclipse	  Eming	  variaEons 4 
Pulsar	  Eming	  variaEons 5 
PulsaEon	  Eming	  variaEons 1 
Astrometry 2 
Orbital	  brightness	  
modulaEons 

3 

	  
	  KEPLER	  PLANETS	  AND	  	  CANDIDATES	  
	  
Confirmed	  planets	   249	  

Total	  candidates	   3841	  

Candidates	  in	  habitable	  zone	  	  
(180	  K	  <	  T	  <	  310	  K)	  

659	  

Eclipsing	  binaries	   2177	  



Exoplanets	  discovery	  Emeline	  

 double in 7.4 yr	  
 double in 2.1 yr	  



Direct	  Imaging	  



Credit	  HST	  



Credit	  ESO	  



β	  Pic	  

λ 2003	  

λ 2009	  

Credit	  ESO	  



a=115	  AU,	  R	  ~	  RJup,	  M	  ~	  0.05	  -‐	  3	  MJup	  
young	  system	  (~	  100	  -‐	  300	  million	  years)	  

λ A	  

Credit	  HST	  



Dust	  
Dense	  gas	  (HCO+)	  
Diffuse	  gas	  (CO)	  

Dust	  and	  gas	  around	  HD	  142527	  with	  ALMA	  

Streams of gas flowing 
across the gap in the disc.  
 

Credit	  ALMA	  



OGLE-2005-BLG-390 microlensing event 

DirecEon	  of	  	  
lens	  moEon	  

Microlens	  

Microlensing	  
Einsten	  radius	  

AmplificaEon	  factor	  

•  Timescales:	  days	  to	  months	  

•  Long	  Eme	  before	  source	  
become	  separated	  and	  
follow-‐up	  can	  be	  performed	  

•  Works	  only	  in	  crowded	  
environments	  (i.e.	  the	  
galacEc	  bulge)	  





𝐾= 𝑚↓𝑝 sin 𝑖 /𝑀↑2∕3  √1− 𝑒↑2   (2𝜋𝐺/
𝑃 )↑1/3   	  
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VelociEes	  

K	  

P	  

•  The	  orbital	  period	  is	  determined	  via	  
periodogram	  analysis	  

•  Provides	  only	  minimum	  mass	  (msini)	  

•  Is	  necessary	  a	  priori	  knowledge	  of	  the	  stellar	  
mass	  (via	  spectroscopic	  analysis	  or	  
isochrones	  fidng)	  

	  

Iota	  Hor	  

K	  =	  1	  m/s	  to	  few	  km/s	  
P	  =	  few	  hours	  to	  years	  



𝐾= 𝑚↓𝑝 sin 𝑖 /𝑀↑2∕3  √1− 𝑒↑2   (2𝜋𝐺/
𝑃 )↑1/3   	  

Radial	  
VelociEes	  

55	  Cnc	  

•  55	  Cnc	  solar	  like	  star	  (binary)	  
•  20	  years	  of	  data	  revealed	  5	  planets	  via	  

keplerian	  fit	  



Venus	  Transit	  2004	  

Transits	  



What we can learn from transits ? 

Stellar density 

Planet gravity and  
mean density  

The atmospheric chemical  
composition 

The equivalent  
temperature 

The spin-orbit  
misalignment 



	  	  	  	  	  	  	  	  	  	  ΔL/L	  

	  	  	  	  	  tD	  

	  	  	  	  	  	  	  	  	  	  tin/eg	  

Mancini	  2013	  

Transit	  parameters	  

Shape	  and	  depth	  changes	  as	  funcEon	  of	  wavelength	  
(i.e.	  transmission	  spectroscopy	  at	  very	  low	  resoluEon)	  



transit	  depth	  =	  6726+/-‐	  11	  part	  per	  million	  
occultaEon	  depth	  =	  130	  +/-‐	  11	  part	  per	  million	  
Teq	  =	  2650	  +/-‐	  100	  K	  

Secondary	  eclipse	  



Phase	  Curves	  
HD	  80606b	  
	  
Secondary	  transit	  
	  
IRAC	  8µm	  
	  
e=0.93	  
	  
Flux	  variaEon	  828	  Emes	  
	  
Pseudosyncronized	  rotaEon	  
	  
	  

λ Laughlin	  et	  al.	  (2009)	  



DetecEon	  of	  an	  
Extrasolar	  Planet	  Atmosphere	  

Swain,	  Vasisht,	  Tined,	  Nature,	  452,	  2008	  



ROSSITER-‐McLAUGHLIN	  EFFECT	  



Orbital	  periods	  

TransiEng	  planets	   Radial	  vel.	  planets	  

Timing	  planets	  Imaged	  planets	   Microlensing	  planets	  
all	  planets	  

Period	  valley	  



Orbital	  periods	  

TransiEng	  planets	   Radial	  vel.	  planets	  

Timing	  planets	  Imaged	  planets	   Microlensing	  planets	  
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Kepler	  candidate	  planets	  

The	  period	  valley	  is	  probably	  
generated	  by	  a	  selecEon	  effect	  



Orbital	  eccentricity	  

The	  distribuEon	  of	  transiEng	  planets	  
is	  more	  peaked	  near	  0	  than	  RV	  planets,	  
due	  to	  Edal	  circularizaEon	  at	  short	  periods	  

TransiEng	  planets	  
Radial	  vel.	  planets	  



Mass	  

TransiEng	  planets	   Radial	  vel.	  planets	  



Radius	  

TransiEng	  planets	  

Kepler	  candidate	  planets	  







Mass-‐Radius	  relaEon	  

Planets	  

Low	  Mass	  Stars	  /	  
Brown	  Dwarfs	  

Main	  	  
Sequence	  
Stars	  

Scajer	  depends	  on	  
chemical	  composiEon,	  
and	  stellar	  irradiaEon	  



Planet	  radius	  against	  Stellar	  radius	  

TransiEng	  planets	  
Kepler	  candidate	  planets	  

Small	  planets	  are	  very	  common	  around	  small	  stars!	  	  
Hot	  Jupiters	  seems	  very	  rare	  



	  
	  

No	  high	  precision	  RV	  
measurements	  

Host	  stars	  in	  the	  HR	  diagram	  

Hipparcos	  HR	  diagram	  



Apparent	  magnitude	  

TransiEng	  planets	  

Radial	  vel.	  planets	  

Timing	  planets	  

Imaged	  planets	  

Microlensing	  	  
planets	  
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Apparent	  V	  magnitude	  



TransiEng	  planets	  
Radial	  vel.	  planets	  

Imaged	  planets	  

Hipparcos	  Catalog	  



Oxygen	  concentraEon	  in	  Earth	  atmosphere	  	  

Great	  
oxygenaEon	  
event	  

Steady	  phase	  
Neo-‐Panerozoic	  

Cambrian	  	  
explosion	  

Max	  level	  

Min	  level	  


