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Basic question: 
 

How do we detect life on exoplanets 
from telescope observations? 
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Chemical disequilibrium as a sign of life?  

James Lovelock (1965), Joshua Lederberg (1965) Nature 
- “Kinetic instability in the context of local chemical and 

physical conditions…”Lederberg 
 

- “Search for…compounds in the planet’s atmosphere that are 
incompatible on a long-term basis” Lovelock 
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Atmospheric disequilibrium as a biosignature on exoplanets? 
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Quantifying chemical disequilibrium 
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Observed atmosphere
  

Atmosphere if it were in 
chemical equilibrium 



Quantifying chemical disequilibrium 
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Observed atmosphere
  

Atmosphere if it were in 
chemical equilibrium 

We quantify disequilibrium as the change in Gibbs energy of the 
system during reaction to equilibrium: 
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Applied to Solar System atmospheres…. 
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Typical surface of Mars 

 



Typical surface of planet Earth 

(2012:     13°S, mid-Atlantic, 3.8 km depth of water ) 

Photo credit: David Catling 



Earth (atmosphere-ocean fluid envelope) 

Gilbert Lewis (1923): “starting with air and water…nitric acid should form. It is to be hoped that 

nature will not discover a catalyst for this reaction, which would… turn the oceans into dilute nitric 

acid”. 
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Earth has largest disequilibrium in the 
solar system 



Contrast with kinetic disequilibrium 

- Simoncini et al. 2013 calculate the minimum power 
required to maintain the biogenic oxygen-methane 
disequilibrium in Earth’s atmosphere = 0.67 TW. This is a 
flux metric (kinetic disequilibrium). 
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J/mol,  and of this 1.3 J/mol is attributable to oxygen and 
methane (2.34×10 20 J). This is a reservoir metric 
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- Comparison: If we assume a 10 year lifetime of methane 
in the atmosphere then we find the “power” is 0.74 TW. 
The two approaches are consistent! 



Is this practical for exoplanets? 
- For exoplanets, thermodynamic disequilibrium could be 
computed directly from observations without any assumptions 
about gas fluxes. 
 
- Bulk abundance, oceans, and total pressure are observational 
challenges, but have been considered by the Virtual Planetary Lab: 
 - N2 from N2-N2 dimer absorption, 4.3 μm  
 (Schwieterman et al., 2015). 
 - Ocean presence from glint + spectra  
 (e.g., Robinson et al., 2010; 2014). 
 - Pressure from O2-O2 dimer, 1.06 & 1.27 μm  
 (Misra  et al., 2014). 
 
- Sensitivity tests to difficult-to-observe variables in the calculation 
show relative insensitivity 
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See extra 
slides 



What does disequilibrium mean?  
 
- Sometimes thermodynamic disequilibrium means life. 
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free lunch” -> no life exists. 
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A primitive metabolism: 

2 2 2CO H O CO H  

Overabundant CO suggests no life today on the surface of Mars. 
(Weiss et al. 2000; Zahnle et al. 2011) 

Mars 



What does disequilibrium mean? 
-   Sometimes thermodynamic disequilibrium means life. 

 
 
 
 
 
 
 
- Sometimes thermodynamic disequilibrium means the absence 

of life (antibiosignature). Large available energy = an “uneaten 
free lunch” -> no life exists.  
 

- Conclusion: a single number metric like available energy has to 
be considered judiciously – in context. 
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Conclusions 
 
- Earth has the largest thermodynamic 
disequilibrium in the Solar System, which is 
biogenic. 
 
- The other Solar System planets have smaller 
disequilibria maintained by abiotic processes. 
 
- For exoplanets, thermodynamic disequilibrium 
could be computed directly from observations 
without any assumptions about gas fluxes. 
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Earth has largest disequilibrium in the 
solar system 

Only on Earth is available energy ≈ thermal energy of air 



Titan 

( ,P) ( ,P)

Available energy,

( ) ( )

1.2

T TG G obser G equil

G

  

  J /mol



( ,P) ( ,P)

Available energy,

( ) ( )

0

T TG G obser G equil

G

  

  J /mol



Can ocean volume be constrained remotely? 

Ocean detection from glint (Robinson et al. 2010), polarization 
(Zugger et al.  2010). 
 
Surface ocean fraction from time resolved photometry (Cowan et 
al. 2009; Cowan and Strait 2013; Fujii and Kawahara 2012). 
 
Ocean volume from thermal inertia (Gaidos and Williams 2004). 
 
Presence of continents provides a maximum ocean depth  due to 
limits of rock strength (Cowan and Abbot 2014) 
 
Dynamic topography could constrain minimum ocean depth? 
 
For ~1000 km deep oceans, ocean volume possibly constrained by 
mass-radius observations.  



Validation 



H2-N2 Super Earth 



Early Earth 
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Modern incarnation: Biogenic gases in spectra 

If photosynthesis ceased, 

O2 decreases 

exponentially to <0.4% in 

~10 m.y. 

 

Proposed telescopes to 

search Earth-like 

exoplanets for O2 and 

perhaps CH4 

<0.3 ppmv O2 

0.1% O2 

21% O2 



Disequilibrium applies to waste biogenic gases, but it’s 

nuanced: 

 

  

 

1) ALL planetary atmospheres are in 

disequilibrium 
- Geophysics competes with biology. How much? 

2) Life feeds on disequilibrium so 

sometimes disequilibrium might mean “no 

one home” i.e., 

uneaten free food=> no grad students 

no life 

uneaten free food=> no grad students 


