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•  Exoplanets: past and present 
•  How we can image another 
  Earth (work at NASA Ames) 
•  Future 
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Is there another Earth out there?  
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Is there life on it? 



“There are infinite 
worlds both like and 
unlike this world of 
ours...We must  
believe that  in all 
worlds there are living 
creatures and planets 
and other things we 
see in this world.”  

  Epicurius  
  c. 300 B.C 

Thousands of years ago, Greek philosophers 
speculated. 
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Some gave their lives… 

” There are countless suns and countless 
earths all rotating around their suns in 
exactly the same way as the seven 
planets of our system.  We see only the 
suns because they are the largest bodies 
and are luminous, but their planets remain 
invisible to us because they are smaller 
and non-luminous. The countless worlds 
in the universe are no worse and no less 
inhabited than our Earth” 

  Giordano Bruno 
  in De L'infinito  
  Universo E Mondi, 1584 



In 1995, a breakthrough: 
the first planet around another star. 

A Swiss team discovers a planet – 51 Pegasi – 
48 light years from Earth. 

Artist's concept of an extrasolar planet (Greg Bacon, STScI)	
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Didier Queloz and Michel Mayor 



And then the discoveries started rolling in:	



    “First new solar system discovered”
! !USA TODAY !

! !April 16, 1999!

“10 More Planets Discovered” 
! !      Washington Post

! !August 6, 2000!

“New Planet Seen Outside Solar System” 
! !New York Times!
! !April 19, 1996!
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531 planets found so far, around 445 stars  
Kepler: 1235 planet candidates, around 997 stars 

Wobble method #1: Radial Velocity (Wobble method #2: Astrometry) 



The Wobble Method  
(Radial velocity / astrometry) 

Credit: Amir Give'on and Daphna Wegner 



The Wobble Method  
(Radial velocity) 
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453 planets found so far, around 385 stars 
by indirect detection methods 

Wobble method #1: Radial Velocity (Wobble method #2: Astrometry) 



The Transit Method 

Credit: Amir Give'on and Daphna Wegner 



You can see transits within our Solar System! 

Courtesy Bob Vanderbei 

Next Venus transit: 2012 June 5-6 
Next one after that: 2117 December 10–11 



http://kepler.nasa.gov/ 



Most planets discovered so far are closer 
in mass to Jupiter. 

Jupiter 

Saturn 

Neptune 

This is what we 
are looking for 

This is (mostly) 
what we’ve found 

Earth 
Kepler 10b 

Gliese 581d 



First undeniably rocky planet: Kepler 10b 



Most of them have highly elliptical orbits, 
or are too close to their parent stars. 

Many of the new planets get too 
hot or too cold to support life. 

Too hot! Too cold! Just right! 



Gliese 581 d: confirmed potentially habitable 
planet 



Kepler exoplanet candidates 

http://vimeo.com/19642643 

(Courtesy of Jer Thorpe, New York Times' 
Data Artist in Residence and a visiting 
professor at New York University) 
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2M 1207 (2005)	



•  Gemini North, NIRI + ALTAIR, August 
2008. Lafreniere et. al., U of Toronto. 

•  Solar-type host, 8 million years, 330 a.u., 
1800K, 7-11 Jupiter masses 

GQ Lupi (2005)	



Holy grail of detection methods: direct imaging 

1RXS J160929.1-210524 (2008) 

HR8799 (2008)	

 Fomalhaut (2008)	

 Beta Pictoris (2008)	



Solar system  
size comparison 





Credit: Cassini mission 



Credit: Voyager mission 



Stars are a billion         times brighter… 



…than the planet 

…hidden  
in the glare. 



                                     Like this firefly. 



How we may image 
another Earth 





Can the Hubble do it? 









Courtesy of James Lloyd 



Image plane	



starlight	



Telescope pupil Resulting image 
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Early ripple designs ripple1 ripple2 ripple3 

Spergel, Kasdin, Vanderbei, Belikov 2003-2007 



Original image 
Original uniformly 
illuminated pupil 

New, apodized  
pupil 

New image 

Shaped pupil 
Apodizer 



Ames Coronagraph Experiment (ACE) 

In a partnership with JPL’s HCIT 
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Image plane	



starlight	



Telescope pupil Resulting image 
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Thermistor 



Active thermal control ON Active thermal control OFF 
  Outside the enclosure, temperature varies by ~ 0.5K. 
  Inside the enclosure (active thermal control OFF), temperatures vary by ~ 50mK, causing tip/tilt errors of about 0.1 λ/D 
  With ATC ON, can sustain the following root mean square values: 

  Air T: 0.9mK 
  Table: 0.4mK 
  Water: 1.3mK 
  Tip/tilt: 4.8e-3 λ/D (limited by insufficient tuning of the ATC algorithm) 
  According to simulations, such tip/tilt will limit contrast to ~1e-9 at 2 λ/D 



Contrast:  2.4 x 10-9 

IWA:  4 λ/D 
Bandwidth: 10% @ 800nm 

Contrast:  5.4 x 10-8 

IWA:  2 λ/D 
Bandwidth: 650nm monochromatic 

Ames (PIAA Coronagraph, 2010) JPL’s HCIT (shaped pupils, 2007) 

(half-plane blocked by a 
knife-edge occulter) 

blocked star location 
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Ames testbed current temperature stability 
Current BMC DM electronics resolution 
Refractive/monochromatic limit 

No coronagraph 

No wavefront control, 2 λ/D 

Current contrast with IWA of 2 λ/D 
Instabilities (due to ghosts and unstable laser) 

CCD artifacts (when at first focus with no occulter) 

Occulter edge effects (no Lyot stop)  

Approximate limit with no enclosure 
Polarization issues (birefringence, etc.) 

Current contrast with IWA of 4 λ/D 



The L3-Tinsley NIBF (Narror Ion Beam Figuring) system  PIAA Mirrors 

PIAA M2 error map 



NASA Ames Research Center 
Tom Greene   ARC testbed director 
Peter Zell   ARC testbed manager  

Rus Belikov   technical lead  

Eugene Pluzhnik   experiments   
Fred Witteborn   thermal enclosure   
Dana Lynch   optical design 

    
Tinsley Laboratories 
(PIAA mirror manufacture) 
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NASA Jet Propulsion Lab  
John Trauger 
Andy Kuhnert 
Brian Kern    
Marie Levine    
Wesley Traub    
Stuart Shaklan     

Amir Give'on    
Laurent Pueyo    

UCSC  
(DM characterization) 
Donald Gavel 
Daren Dillon 

   

UofA/Subaru  
(PIAA design and consulting) 
Olivier Guyon 

   

Lockheed Martin 
(Optical design) 
Rick Kendrick 
Rob Sigler 
Alice Palmer 





PECO mission concept 
(Guyon et. al.,) 

Simulated exoEarth images in 
the 500-600nm band 

(with 1 zodi and exozodi)  
Tau Ceti Alpha Centauri 

Courtesy of K. Cahoy 

ACCESS (1.5m) 
(Trauger et. al., 
Vallone et. al.) 

Planetscope (0.5m) 
(Traub et. al.) 

EXCEDE (0.7m) 
(Schneider et. al.) 

WFCT (4m) 
(Angel et. al.) 
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Photometry  
(can determine length of day, surface type, weather) 

E. B. Ford, S. Seager & E. L. Turner, Nature, 2001 



Spectroscopy (composition) 

Water	


Oxygen	


Atmospheric Pressure	


(Rayleigh Scattering)	


Plant Life: Red Edge!	



Ref.: Woolf, Smith, Traub, & Jucks,  ApJ 2002	



infrared light visible light 



Seager et al. 2005; Data from Middleton & Sullivan 2000 



By Sydney Harris 





Mission to resolve features on planets: 2050? 

Probe to Alpha Centauri:  
“before this century is out” – Geoff Marcy 



How will we go to an exo-Earth? 
1 Million travelers, 100 Million ton mass, ~ $ 20 Trillion, Launch 2500 A.D. 

On-board observatories 

One-way 
voyage: 
10,000 
years to 
ε Eridani 

Great Pyramid of Cheops, to 
 scale, for comparison; 
 has 1/16 mass of ship 

10 decks 
water shielding in 
outermost deck  
living/working floor area: 
125 m2/person 

2 km 

2 km 

600 km/s cruising speed 
(lower power, softer collisions) 

1 rpm 
yields 1 g 
of inward 

acceleration 



Possible implications of finding 
another “pale blue dot”? 



More information about NASA’s exoplanet program:  http://planetquest.jpl.nasa.gov/ 
More information about the PECO mission and ACE lab:  http://caao.as.arizona.edu/PECO/ 
    















Seager, Kuchner, et. Al., 2007 

Belikov and Kuchner, in prep. 


