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Talk outline 

•  Introduction: What are the basic planetary 
requirements for life, and where should we look 
for it? 

•  Part 1: Update on the habitable zone and 
speculations on where Earth lies within it 

•  Part 2: Recent determinations of ηEarth 



What is life? 
•  If we are going to search for life 

on other planets, we first need to 
decide what we are looking for 

•  One definition: “Life is a self-
sustained chemical system 
capable of undergoing Darwinian 
evolution” 

                          --Jerry Joyce 
•  This definition, however, is better 

suited to looking for life in a 
laboratory experiment than for 
searching remotely on planets 
around other stars 

Jerry Joyce, Salk Institute 



Looking for life via the by-products 
of metabolism 

•  Green plants and algae (and 
cyanobacteria) produce 
oxgyen from photosynthesis: 
     CO2 + H2O → CH2O + O2 

 

•  Methanogenic bacteria 
produce methane 
     CO2 + 4 H2 → CH4 + 2 H2O 

 

•  CH4 and O2 are out of 
thermodynamic equilibrium 
by 20 orders of magnitude!* 
Hence, their simultaneous 
presence is strong evidence 
for life 

O2 

CH4 

*As first pointed out by James Lovelock 



First requirement for life: a liquid or 
solid surface 

•  It is difficult, or 
impossible, to imagine 
how life could get 
started on a gas giant 
planet 
–  Need a liquid or solid 

surface to provide a 
stable P/T environment 

•  This requirement is 
arguably universal 



Second requirement for life (as we 
know it) : Liquid water  

•  Life on Earth is carbon-
based (DNA, RNA, and 
proteins) and requires liquid 
water 

•  So, our first choice is to look 
for other planets like Earth 

•  Subsurface water is not 
relevant for remote life 
detection because it is 
unlikely that a subsurface 
biota could modify a 
planetary atmosphere in a 
way that could be observed 
(at modest spectral 
resolution) 



The ZAMS habitable zone 

http://www.dlr.de/en/desktopdefault.aspx/tabid-5170/8702_read-15322/8702_page-2/ 

•  The liquid water habitable zone, as defined by Kasting et al. (1993).  
  Figure applies to zero-age-main-sequence stars 
• The habitable zone is relatively wide because of the negative feedback 
  provided by the carbonate-silicate cycle 



Definition of ηEarth 
•  ηEarth—the fraction of stars 

that have at least one 
rocky planet in their 
habitable zone 
–  This is what we need to 

know in order to design a 
space telescope to look for 
such planets around nearby 
stars 

–  We should be conservative 
when calculating ηEarth for 
this purpose, because we 
don’t want to undersize the 
telescope 



•  Part 1: Update on the habitable zone 
(HZ) and speculations on where Earth 
lies within it 



Inner edge of the HZ 
Kasting et al. (Icarus, 1993) defined three 
different inner edge limits: 

1.  Moist greenhouse 
–  Water is lost by photodissociation and escape of 

hydrogen to space 
2.  Runaway greenhouse 

–  All surface water is evaporated 

3.  Recent Venus 
–  Empirical estimate based on the observation that 

Venus had already lost its water prior to ~1 b.y. ago 

 



Moist greenhouse limit 

Temperature Water vapor 
•  The troposphere expands as the surface temperature rises 
•  Water vapor becomes a major constituent of the stratosphere 
  at surface temperatures above ~340 K (Ingersoll, JAS, 1969) 
•  Hydrogen can then escape rapidly to space because the 
  diffusion limit is overcome J. F. Kasting, Icarus (1988) 



Revised conventional HZ limits 

•  The runaway and moist greenhouse limits on the inner edge of the HZ 
     have recently been revised. They now lie much closer to Earth’s orbit 

Kasting et al. (2013), redrawn from Kopparapu et al. (2013) 



Revised conventional HZ limits 

•  But, these calculations assume fully saturated atmospheres, and they 
     neglect cloud feedback. The real inner edge could be anywhere within 
     the red zone. This calculation needs to be done with 3-D climate models.. 



•  Fortunately, people are already doing this! 
•  (See also poster W14 by Jeremy Leconte on Wed.) 

ApJLett (in press) 

(Talk on Wed. afternoon) 



3-D climate model calculations 
for M- and K-star planets 

•  Clouds dominate the 
sunny side of tidally 
locked planets orbiting 
M and late-K stars, 
raising their albedos 

•  The inner edge of the 
HZ is therefore pushed 
way in 
–  Seff ≅ 2 for a 

synchronously rotating 
planet around a K star 
(dark blue curves) 

 
Yang et al., ApJ Lett (in press) 



•  There is also another way of possibly 
getting around the runaway/moist 
greenhouse limits  ⇒ 



“Dune” planets 
•  Abe et al., Astrobiology (2011) 

suggested that dry planets with 
water oases at their poles 
might remain habitable well 
inside the inner edge of the 
conventional HZ 
–  Seff = 1.7, or 0.77 AU 

•  Do such planets really exist, 
though? 
–  In the science fiction novel, much 

of the planet’s water has reacted 
with the crust, and they are 
working hard to recover it 



Outer edge of the HZ 
Kasting et al. (1993) also defined three different outer 
edge limits: 
 

1.  First CO2 condensation 
–  This limit is no longer considered valid, because CO2 ice 

clouds generally warm the surface rather than cooling it 
(Forget and Pierrehumbert, 1997) 

2.  Maximum greenhouse 
–  The maximum greenhouse effect of a CO2-H2O atmosphere 

3.  Early Mars 
–  Empirical estimate based on the inferred presence of liquid 

water on Mars’ surface at or before 3.8 Ga 



Maximum greenhouse limit 

•  This limit exists for two 
reasons: 
–  Condensation of CO2 

reduces the tropospheric 
lapse rate, thereby 
lowering the greenhouse 
effect 

–  CO2 is a good Rayleigh 
scatterer (2.5 times 
better than air), so as 
surface pressure 
increases, the increase in 
albedo outweighs the 
increase in the 
greenhouse effect 

CO2 
condensation 

region 

Ref.: J. F. Kasting, Icarus (1991) 



R. Ramirez et al., submitted 

Maximum greenhouse limit 

•   The minimum solar flux at which you can warm the mean surface 
   temperature of Mars to >OoC is about 82% of the present solar 
   flux at Mars’ orbit, or ~36% of the present solar flux at Earth 

  S/S0 = 0.75 at 3.8. b.y. 
  ago, when most of 
  the valleys formed 

Mars 



Science, Jan. 4, 2013 

•  But, molecular hydrogen (H2) has now been shown to be a  
     surprisingly good greenhouse gas 



Effect of H2 on the HZ 

•  This has prompted some authors to suggest that the outer edge of the 
     HZ could be as far out as 10 AU. The particular planet envisioned is a 
     3-ME super-Earth with a captured 40-bar H2 atmosphere (Pierrehumbert 
     and Gaidos, 2011) 

S. Seager, 
Science, 
April, 2013 



Mars: H2-CO2 greenhouse at 
75% solar luminosity 

R. Ramirez et al., submitted. 

•  Rocky planets with captured 
40-bar H2 atmospheres may 
or may not exist 

•  But, H2 may be just what is 
needed to explain the 
apparently warm climate of 
early Mars 

•  Our model requires 1.5-3 bar 
of CO2 and 5-20% H2 

•  The low mantle fO2 on Mars , 
based on analyses of SNC 
meteorites, favors 
outgassing of H2 



Part 2: Recent determinations of ηEarth 



Kepler Mission 

http://www.nmm.ac.uk/uploads/jpg/kepler.jpg 

•  This space-based telescope 
  will point at a patch of the 
  Milky Way and monitor the 
  brightness of ~160,000 stars, 
  looking for transits of Earth- 
  sized (and other) planets 
•  10-5 precision photometry 
•  0.95-m aperture  ⇒  capable 
  of detecting Earths 
•  Launched: March 5, 2009 



Source: Christopher Burke, AAS presentation, Long Beach, CA, Jan. 7, 2013 



Source: Christopher Burke, AAS presentation, Long Beach, CA, Jan. 7, 2013 



ηEarth	  es)mates	  from	  Kepler	  

•  Researchers are now starting to derive estimates for ηEarth  
    from Kepler 
•  Dressing & Charbonneau (2013) analyzed 6 quarters of 
    Kepler data, allowing them to look for potentially habitable 
    planets around M stars and a few late K stars 
 

ApJ (2013) 



From	  Dressing	  &	  Charbonneau	  (2013),	  ηEarth	  =	  0.15+0.13	  
Earth-‐size:	  	  0.5	  –	  1.4	  REarth	  
Two	  KOIs	  	  in	  the	  Kasting	  et	  al.(1993)	  HZ:	  KOI	  1422.02,	  	  2626.01	  
	  

•  But D&C used the old “1st CO2 condensation” limit for the outer edge, 
     and they only considered planets up to 1.4 RE. Their estimate for  
     ηEarth is therefore overly conservative 
      

- 0.06 



From	  	  Kopparapu	  (2013),	  ηEarth	  =	  0.48	  +0.12	  	  (Conservative	  estimate)	  
Earth-‐size:	  	  0.5	  –	  1.4	  REarth	  
Four	  KOIs	  	  in	  the	  Kopparapu	  et	  al.(2013)	  HZ:	  KOI	  1422.02,	  	  2626.01,	  1686.01,	  2418.01	  

-‐0.24	  

•  If we use the new, but still conservative, limits for the HZ 
boundaries, replacing the outer edge with the maximum 
greenhouse limit, the number of potentially habitable planets 
within the HZ increases to 4 (Earths) or 5 (Earths + super-Earths) 

- 0.24 



From	  	  Kopparapu	  (2013),	  ηEarth	  =	  0.53	  +0.08	  	  (Optimistic	  estimate)	  
Earth-‐size:	  	  0.5	  –	  1.4	  REarth	  
Six	  KOIs	  	  in	  the	  Kopparapu	  et	  al.(2013)	  HZ:	  KOI	  1422.02,	  	  2626.01,	  1686.01,	  2418.01,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2650.01	  and	  886.03.	  	  
	  

•  Then, if we use the optimistic ‘recent Venus’ and ‘early Mars’ limits 
     for the HZ boundaries, the number of potentially habitable planets  
     increases to 6 (Earths) or 8 (Earths + super-Earths) 

- 0.17 



Summary of ηEarth for M/late-K stars 
§  Earth	  size	  (0.5	  –	  1.4	  REarth	  ):	  0.15+0.13	  	  Dressing	  &	  Charbonneau	  (2013)	  
	  

§  Earth	  size	  (0.5	  –	  1.4	  REarth	  ):	  0.48	  +0.12	  	  	  (Conservative)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.53	  +0.08	  	  	  (Optimistic)	  	  	  	  	  	  	  	  	  Kopparapu	  (2013)	  

§  Earth	  size	  (0.5	  –	  2.0	  REarth	  ):	  	  0.51	  +0.10	  	  (Conservative)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.61+0.07	  	  	  (Optimistic)	  	  	  	  	  	  	  	  	  

§  Earth	  size	  (0.8-‐2.0	  REarth): 	  	  	  	  0.46 	  	  	  	  	  	  	  	  	  (Optimistic)	  	  	  	  	  	  	  	  	  Gaidos	  (2013)	  

§  Bonfils	  et	  al.(2011)	  	  radial	  velocity	  optimistic	  estimate:	  0.41+0.54	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

-‐0.24	  

-‐0.17	  

-‐0.20	  

-‐0.15	  

-‐0.13	  

-‐0.06	  

+0.18 
 -0.15 



Conclusions 
•  Habitable zones around all main sequence stars are 

relatively wide on a log distance scale 
–  CO2-climate feedback caused by the carbonate-silicate cycle 

is the key to climate stability 
•  ηEarth for M and late-K stars appears to be of the 

order 0.4-0.6 
•  We should be (and some folks already are) 

developing 3-D climate models to simulate relative 
humidity and clouds and to better locate the inner 
edge of the HZ 

•  What we ultimately need to do is to build a big space-
based telescope to identify nearby Earth-like planets 
and to characterize their atmospheres 
spectroscopically 



Revised ZAMS habitable zone 

•  Note that the HZ is ~25% wider for M stars than for G stars. This is 
     because Rayleigh scattering by CO2 is important near the outer edge 
•  If planets are spaced geometrically around other stars, as they are  
     around the Sun, then ηEarth may be about 25% higher for M stars 


