
Life on extra-solar planets



Leaving the solar system



1995: 51 Pegasi

! 50 Ly from Earth


! V = 5.5


! Spectral class G2


! Sun-like star 



1995: 51 Pegasi



Unseen planets around stars

! cause a Doppler wobble in the stars motion which


! results in a periodic variation in the parent star’s line of 

sight velocity.


! This causes the characteristic spectral absorption lines 

present in the star to shift their position in time with the 
velocity variation.



! Careful analysis of the star’s spectrum then reveals the 
velocity shift.



! Which reveals the unseen planet.



51 Pegasi b: a “hot Jupiter”
! 51 Peg b is a Jupiter sized planet orbiting some 0.05 AU 

from its parent, Sun-like star every 4 days.


! How do we know this information?


! The period of the velocity curve is the same as the orbital 

period.


! The amplitude of the velocity curve is equal to the max/min 

velocity “wobble” of the star.


! We can compute an accurate mass for the parent star from 

its spectral type (colour + spectrum): G2-G4.


! Given the star mass and velocity and the orbital period of 

the planet, we can calculate the planet mass.



Masses from the Doppler technique are 
lower limits



Hot Jupiters: a new class of planet



Planetary migration





Upsilon Andromedae b, c, d!



Gliese 581

! Gliese 581 is a cool, M-type star


! 30% the mass of the Sun


! 20 Ly away.1

2

3



Gliese 581: first planet in habitable zone

2 16 5 7 Earth masses

3 Earth masses

7 Earth masses



The properties of the known exoplanets



Limitations of the Doppler technique for 
finding planets

! The amplitude of the velocity curve is proportional to the 
planet mass - harder to discover small planets.



! The period of the velocity curve is equal to the orbital 
period. 



! Orbital period p2 = a3 orbital radius.


! Harder to discover planets at large radius.


! Despite these difficulties we can guess at the presence of a 

large number of Earth mass planets.





Planetary Transits

Transit of Venus: June 8, 2004

! During a transit the planet 
passes in front of the star as 
viewed from Earth.



! Careful monitoring of the star’s 
brightness can reveal a 
characteristic dip in the “light 
curve”.



! The size of the dip reveals the 
planet size.



! Subsequent Doppler observations 
reveal the mass.



! Mass/volume = density


! Density = composition!





Transits as a fast-track to Earth 2.0?



The Kepler space mission







Kepler will measure

! 150,000 main sequence stars.


! Over a 105 square degree area.


! The mission lasted just under 4 years.


! Between 0.5 and 10% of stars will show transits (if they 

have planets).


! The exact numbers depends upon the orbital properties and 

planet size. 



It is just a question of accuracy...























Direct imaging of exoplanets

! The most obvious way to 
find an exoplanet is by 
direct imaging



! However, this approach is 
extremely challenging


! stars are typically ten billion 

times brighter than their 
planets



! planets are also very close to 
their stars


! much less than 1 arcsec



! Only a few planets have 
been found this way

Exoplanet around brown dwarf 2M1207



17.5 mag,
10 million

25 mag,
10 billion





Fomolhaut b

! 25 Ly from Earth


! A3 parent star (hot)


! Jupiter sized planet


! 115 AU, 872 year orbit



HR 8799

! 130 Ly from Earth


! A5 parent star 


! 3 super-Jupiter sized 

planets


! Room for inner planets





Direct spectroscopy of HR 8799c





Which stars provide the best habitats?

! Stellar lifetimes and luminosities are the most relevant 
factors. The “metal” content is a further factor.



! Young supergiant stars (OB-type) are very luminous and 
have large habitable zones far from the planet.



! However, their lifetimes are measured in millions rather 
than billions of years.



! Old dwarf stars (KM-type) are under luminous and have 
small habitable zones - within the tidal locking radius.



! However, they can live for over 10 billion years.


! As far as we are concerned, the Sun, a G-type dwarf, is 

“just right”.



The habitable zones of stars of different 
temperatures





The Hertzsprung-Russell Diagram



Lifetimes and Numbers of Stars of 
Different Spectral Types 



Planets in Binary Systems

! Stable planetary orbits are possible if the stars are 
either quite close together or well separated


a) planet’s orbital distance is more than 5 times the separation 

between the stars


b) planet’s orbital distance is less than 1/5 the separation between 

the stars



Moons!



Can we detect atmospheres?

! Yes!


! The first planetary atmospheres have been detected. 


! The method is indirect: as the planet transits in front of 

the star some of the starlight is absorbed at wavelengths 
characteristic of atmospheric constituents, e.g. methane.



! A tiny fraction of planets can current be imaged directly. 
We are viewing starlight reflected from their surfaces.



! However, the future will see direct spectroscopy of planet 
atmospheres.



! What will we look for? Signatures of biologically driven 
chemical disequilibrium.



Atmospheric processing

51

Atmospheric
escape

Outgassing
Early or continuous

Geochemical recycling
e. g. carbonate silicate cycle

Biological processing

photochemistry



Hubble Detects Methane in the 
Atmosphere of an Exoplanet



The Remote Detection of Life





GJ1214b

! Super-Earth orbiting a red 
dwarf star (M4).



! 42 Ly from Earth.


! 6 Earth masses, 2.6 Earth radii


! Density of 1800 kg m-3.


! Receives 16 times the stellar 

radiation of Earth.
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Earth Evolution over geological time

Kaltenegger et al 2007 ApJ



Can we detect life on Earth?

! In 1990 the Galileo spacecraft flew by Earth to gain orbital 
energy en route to Jupiter.



! Carl Sagan suggested using Galileo’s instruments to detect 
life on Earth.



! Test run for detecting planetary bio-signatures in a flyby 
mission.



! Abundant atmospheric oxygen and methane (in extreme 
thermodynamic disequilibrium).



! Strong absorption red-edge inconsistent with known rock 
and soil types.



! Anomalous narrow-band, pulsed radio emission.


! No evidence of surface engineering associated with 

advanced civilisations.



The vegetation red edge



Should we expect to see the red-edge on 
a vegetated planet?

! Stellar photons represent an abundant energy source - at least for 
planets in the habitable zone.



! Utilising this energy source may well confer an evolutionary 
advantage.



! The location of the red edge may depend upon stellar type.


! The solar spectrum peaks at around 500nm. 


! The atmosphere strongly absorbs photons at less than 350nm.


! Photons of longer wavelength (IR) carry less energy so there is less 

advantage to be obtained by collecting red photons.


! Therefore 350-800nm represents a sweet-spot for exploiting solar 

photons.


! This optimum photon collecting zone may vary with stellar-type: hot, 

blue stars peak at bluer wavelengths yet pump out more photons 
overall. Cool, red stars peak at redder wavelengths - 3 photon 
process required?



Plants
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Mosses 
and 

Lichens

Moss spectra:   Lang, M., Kuusk, A., Nilson, T., Lükk, T., Pehk, M., and Alm, G. Reflectance spectra of 
ground vegetation in sub-boreal forests. Tartu Observatory, Estonia. 2002.  Greg Asner, Carnegie 
Institutution of Washington, Stanford University

Lichen spectra:  R. N. Clark, G. A. Swayze, R. Wise, K. E. Livo, T. M. Hoefen, R. F. Kokaly, and S. J. Sutley, 2003, 
USGS Digital Spectral Library splib05a, U.S. Geological Survey, Open File Report 03-395.
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Algae and Bacteria
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Fig. 4.— Earthshine observations from Apache Point Observatory. Top panel: Earthshine observations on 8
February 2002. The viewing geometry (including cloud coverage at the time of observations) of Earth from
the moon is shown in the right image (http://www.fourmilab.ch/earthview/vplanet.html). Middle panel:
same as upper panel for 16 February 2002. The viewing geometry of Earth includes much more vegetation in
the top panel than in the middle panel. Bottom panel: an absorption spectrum through Earth’s atmosphere
from Kitt Peak National Observatory (ftp://ftp.noao.edu/catalogs/atmospheric transmission/) smoothed to
approximately the same resolution as the Apache Point Observatory Earthshine data. Note the different y
axis on the absorption spectrum; the spectral features are much deeper than in the Earthshine spectra and
there is no red edge feature.

65



Biosignatures

 CH4, CH3Cl, N2O 
 O2, O3  
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Tinetti et al. 2006

Biogenic gases  
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Plato

TESS



Summary

! Many hundreds of exo-planets are now known.


! With dedicated space missions many more are expected 

within the next decade.


! Awaiting the detection of Earth-like planets.


! Strong habitability arguments for other planets.


! Approaching the era of direct planetary spectroscopy.


! Direct moon spectroscopy?


! We can anticipate a range of atmospheric biosignatures - 

but certainly not the full range. 




