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PART'1:'Basic'quesUon:'
'

Given'remote'sensing'data,'what'
algorithm(s)'could'detect'life?'

'
'



Part'1'Chemical'disequilibrium'as'a'sign'of'life?''
James'Lovelock'(1965),'Joshua'Lederberg'(1965)'Nature'
-  �Kine3c+instability+in+the+context+of+local+chemical+and+
physical+condi3ons…�Lederberg+

-  “Search+for…compounds+in+the+planet’s+atmosphere+that+are+
incompa3ble+on+a+long>term+basis”+Lovelock'
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Chemical'disequilibrium'as'a'sign'of'life?''



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 



Atmospheric'disequilibrium'as'a'biosignature'on'exoplanets?'
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QuanJfying'chemical'disequilibrium'

10'

Observed'atmosphere
''

Atmosphere'if'it'were'in'
chemical'equilibrium'
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QuanJfying'chemical'disequilibrium'

11'

Observed'atmosphere
''

Atmosphere'if'it'were'in'
chemical'equilibrium'

We'quanUfy'disequilibrium'as'the'change'in'Gibbs'energy'of'the'
system'during'reacUon'to'equilibrium:'

  
Available energy, !G = G(T ,P) (observed)"G(T ,P) (equilibrium)

Applied'to'Solar'System'atmospheres….'
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Jupiter'
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  O2 + 2CO! 2CO2
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Mars'



Venus'
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Venus'
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Earth'(atmosphere'only)'

  2O2 +CH4 ! CO2 + 2H2O
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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)'

  2N2(g)+5O2(g)+ 2H2O(l)! 4H+ (aq)+ 4NO3
! (aq)

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”. 

Available energy,
2326Δ =G � ����
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Available energy,
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  2N2(g)+5O2(g)+ 2H2O(l)! 4H+ (aq)+ 4NO3
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Earth'(atmosphere-ocean'fluid'envelope)'
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Earth'has'largest'disequilibrium'in'the'
solar'system'
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Earth'has'largest'disequilibrium'in'the'
solar'system'

Only'on'Earth'is'available'energy'≈'thermal'energy'of'air'
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Is'this'pracJcal'for'exoplanets?'
-'For'exoplanets,'thermodynamic'disequilibrium'could'be'
computed'directly'from'observaUons'without'any'assumpUons'
about'gas'fluxes.'
'
-'Bulk'abundance,'oceans,'and'total'pressure'are'observaUonal'
challenges,'but'have'been'considered'by'the'Virtual'Planetary'Lab:'

'-'N2'from'N2-N2'dimer'absorpUon,'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).'

'
-'SensiUvity'tests'to'difficult-to-observe'variables'in'the'calculaUon'
show'relaJve'insensiJvity'
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SensiJvity'test' Part'1'
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SensiJvity'test'

See'extra'
slides'
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What'does'disequilibrium'mean?''
'
-  SomeUmes'thermodynamic'disequilibrium'means'life.'

'
'
'
'
'
'
'

  CO2 + H2O!O2 + CH2O

2O 2N

3NO!

Biological'nitrate'
reducUon'
(denitrificaUon)'

Oxygenic'
photosynthesis'

RespiraUon'

Part'1'

Biology:'fixaUon'+'nitrificaUon'
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'
'
'
'
'
'
-  SomeUmes'thermodynamic'disequilibrium'means'the'absence'

of'life'(anJbiosignature).'Large'available'energy'='an'“uneaten'
free'lunch”'->'no'life'exists.'
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Biology:'fixaUon'+'nitrificaUon'
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A'primiUve'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)'

Part'1'Mars'



What'does'disequilibrium'mean?'
-'''SomeUmes'thermodynamic'disequilibrium'means'life.'

'
'
'
'
'
'
-  SomeUmes'thermodynamic'disequilibrium'means'the'absence'

of'life'(anJbiosignature).'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.'

  CO2 + H2O!O2 + CH2O

2O 2N

3NO!

Biological'nitrate'
reducUon'
(denitrificaUon)'

Biology:'fixaUon'+'nitrificaUon'

Oxygenic'
photosynthesis'

RespiraJon'
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Part'1:'Conclusions'
'
-'Earth'has'the'largest'disequilibrium'in'the'
Solar'System,'which'is'biogenic.'
'
-'The'other'Solar'System'planets'have'smaller'
disequilibria'maintained'by'abioUc'processes.'
'
-'For'exoplanets,'thermodynamic'disequilibrium'
could'be'computed'directly'from'observaUons'
without'any'assumpUons'about'gas'fluxes.'
'
'
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Part'2:'Can'color'be'used'to'
idenJfy'Earth-like'exoplanets?'
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Pale'Blue'Dot,'1990:'
Picture'of'the'Earth'taken'by'Voyager+1'

Cassini,'2013'
Pale'Blue'Dot'

(with'the'Moon)'



Source:'Turnbull'(2006)'
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Visible'and'Near-IR'Earthshine'Spectrum'
Rayleigh'

ozone'

‘red'bands’'
of'O2'



Why'is'Earth'a'Pale'Blue'Dot?'

Chappuis'bands'
(ozone)'

Rayleigh'
sca/ering'

Upward'slope'from'vegetaJon'
and'conJnental'surface'

water'
vapor'

Part'2'

oxygen,'O2-A'

Rayleigh'(blue)'+'cloud'reflecUvity'( )'+'minor'
ozone'absorpUon'in'orange/yellow'=>'Pale'Blue'



Is'the'“Pale'Blue'Dot”'biogenic?'Yes.'
Where'our'project'began:'biogenic'atmospheric'chemistry'and'habitability:'
'
1)  An'O2-rich'atmosphere'makes'ozone'(O3)'
'
2)  An'O2-rich'atmosphere'(and'rainfall)'ensures'a'clear'atmosphere'
'

O3'absorpUon'<340'nm'generates'excited'oxygen,'O(1D)'
' 

' 'H2O'+'O(1D)'!'OH'+'OH '' 
 
Oxidizes H2S,'OCS,'DMS'to'sulfate'(NH3'to'NH3-sulfate'in'troposphere)'which'rain'out'
Oxidizes CO,'CH4'and'other'hydrocarbons'to'CO2'and'H2O 
Result: air mostly transparent but Rayleigh scattering in near-UV, visible 
 
Without high OH, you get organic haze 
e.g.,'Archean'Earth: CH4'and'associated'hydrocarbons'+'haze'

Part'2'

Review:'Catling,'D.C.'(2015)'Planetary'Atmospheres,'In'G.'Schubert'(ed.),'Trea3se+on+Geophysics''
(2nd'Ed.),'vol.'10,'Elsevier,'New'York,'429-472.''
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False-posiJve'Pale'Blue'Dot?:'‘Callisto’'with'N2-only'atmosphere'



False-posiJve'Pale'Blue'Dot?:'‘Mars’'with'thick'CO2-only'atmosphere'



Can'we'do'be/er'than'this?'

Part'2'



Methods'
Part'2'

Goal:'Find'the'set'of'photometric'bins'
that'maximize'Earth’s'distance'from'
its'nearest'uninhabitable'neighbor'in'
color-color'space.'
'
Find'color-color'axes:'
'
'
'
'
'
'
Constraints:'
-  Non'overlapping'bins'
-  Minimum'bin'size'100nm'
-  Restrict'to'350-1000nm.'

  
R[a3 ,b3] / R[a2 ,b2 ] = Rred / Rgreen

  
R[a1,b1] / R[a2 ,b2 ] = Rblue / Rgreen



Goal:'Find'the'set'of'photometric'bins'
that'maximize'Earth’s'distance'from'
its'nearest'uninhabitable'neighbor'in'
color-color'space.'
'
Find'color-color'axes:'
'
'
'
'
'
'
Constraints:'
-  Non'overlapping'bins'
-  Minimum'bin'size'100nm'
-  Restrict'to'350-1000nm.'

Uninhabitable'false'posiJves'
considered:'
'
-  Solar'System'objects'

-  Ensemble'of'model'gas'giants'
(Sudarsky'et'al.,'2000)'

-  Mini-Neptunes'(hydrogen'
dominated,'thick'steam)'

-  Runaway'snowballs'

-  Galilean'moons'with'thick'N2'
atmospheres.'

-  Mars'with'varying'pCO2,'N2.'

  
R[a3 ,b3] / R[a2 ,b2 ] = Rred / Rgreen

  
R[a1,b1] / R[a2 ,b2 ] = Rblue / Rgreen

Methods'
Part'2'



Nonlinear'problem'->'brute'force'soluUon'

  

maximize
a1,a2 ,a3 ,b1,b2 ,b3

f a1,a2 ,a3,b1,b2 ,b3( ) =

min R[a1,b1] / R[a2 ,b2 ]( )
Earth

! R[a1,b1] / R[a2 ,b2 ]( )
j

"
#$

%
&'

2

+ R[a3 ,b3] / R[a2 ,b2 ]( )
Earth

! R[a3 ,b3] / R[a2 ,b2 ]( )
j
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2(

)
**

+

,
--

subject to .min < a1{ }, b3 < .max{ }, ai + m < bi{ }, bi < ai+1{ }, i = 1,2,3

Constrained'maximizaUon'of'
Pythagorean'distance'
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OpJmal'separaJon'results'

GJ1214b'(steam)'

GJ1214b'(hydrogen)'

Snowball'Earth'range'
Neptune'

Uranus'
Earth'

Moon'Jupiter'
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OpJmal'separaJon'results'

Earth'

SeparaUon'with'
nearest'
neighbor='0.32'
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Earth'spectrum'with'opJmal'filters'

Chappuis'bands'

Rayleigh'
sca/ering'

Upward'slope'from'vegetaJon'
and'conJnental'surface'

Water'
absorpJon'

Part'2'

opJmal'
blue'

opJmal'
red'

opJmal'
normalizing'

band'



AddiJonal'tests'were'also'done'
but'li/le'improvement:'
-  Change'minimum'bin'size'
-  Generalize'axes'
-  4'bins'instead'of'3'
-  3D'plots'
-  different'separaJon'criteria'

Part'2'



OpJmal'separaJon'results'

Earth'

SeparaUon'with'
nearest'
neighbor='0.32'
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How'long'would'it'take'to'observe'
this'unique'color?'

Earth'

Nearest'
neighbor'

SeparaUon'='5σ'

Part'2'



How'long'would'it'take'to'observe'
this'unique'color?'

Bo/om'line:'the'integraUon'Ume'required'to'separate'Earth'
to'5'sigma'is'longer'than'Ume'required'to'obtain'a'spectra'

with'S/N=5'and'10'nm'resoluUon'

Part'2'



Part'2:'Conclusions'on'color'

-  With'opUmal'photometric'bins,'Earth’s'color'is'
unique'compared'to'all'known'false-posiUves.'

-  However,'the'integraUon'Ume'required'to'resolve'
Earth’s'unique'color'is'comparable'to'the'Ume'
required'to'obtain'a'spectrum'with'~10'nm'
resoluUon.'

-  Other'results'(not'discussed)'shows'that'it’s'even'
more'difficult'to'idenUfy'the'Archean'(>2.5'Ga)'
Earth'with'photometry'alone.'
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Take-home'messages'
Part'1:'Earth’s'atmosphere-ocean'reservoir'has'a'large,'
biogenic'disequilibrium,'quanJfied'here'for'the'first'Jme.'
Sets'Earth'apart'from'other'planets.'This'could'be'observed'
for'exoplanets,'though'interpretaJon'of'thermodynamic'
disequilibrium'requires'further'work.'Further'work'also'
must'be'done'to'examine'kine3c'metrics.'
'
-  preprint'on'arXiv;'source'code'online'upon'publicaUon'
'
Part'2:'Although'Earth’s'color'is'unique,'there’s'no'pracJcal'
advantage'in'restricJng'future'observaJons'to'broad'
photometric'bands.'Moreover,'idenJficaJon'of'ancient'
Earths'requires'a'spectrum'of'more'fidelity.'
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