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A new generation of instruments
Kepler (NASA):

Launch: 2009

A new generation of instruments

Launch: 2009
Photometer 0.95 m
Detection of Earth-size planets Terrestrial Planet Finder (NASA):

100 nearby stars

TPF-C:

~100 nearby stars
Visible and infrared 
spectroscopy

TPF-C: 
Coronograph

TPF- I: Interferometer



A new generation of instrumentsA new generation of instruments

Corot (France):( )
Launched December 2006.
27 cm Photometer

Darwin (ESA):
Infrared interferometer



The problem of detecting Earth-size 
l tplanets

106109



Remote detection of lifeRemote detection of life

We will not be able to 
“ l ” th t l“resolve” the extrasolar 
planet 
Everything we learn 
b t th l t ill babout the planet will be 

obtained from disk-
averaged data.
The signs of life must beThe signs of life must be 
a global surface 
phenomenon
Our interpretation is onlyOur interpretation is only 
as good as the effective 
emitting layer!



Earth: an habitable worldEarth: an habitable world

Water: Good solvent, abundant in the universe
Right distance from its star (Habitable Zone): It helps to 
maintain the right temperature if the planet has an…
Atmosphere: Keeps a stable climate and provides the p p p
pressure for water to be liquid

Planet              Teff Tsurf Greenhouse effect

Venus             -43C             470C                         513C
Earth              -17C                15C                           32C
Mars               -55C               -50C                             5C

Planetary mass: Helps to retain the planetary 
atmosphere and it is related to plate tectonics and 
magnetic fieldmagnetic field.



Earthshine: Earth’s disk averaged 
spectrum
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Present Earth: surfacesPresent Earth: surfaces



Terrestrial Planets in the visible-NIRTerrestrial Planets in the visible NIR



Terrestrial Planets in the mid IRTerrestrial Planets in the mid IR



Biosignatures: Life´s footprintsBiosignatures: Life s footprints

Astronomical Biosignatures are global-scale photometric, spectral or 
temporal features indicative of lifetemporal features indicative of life. 

Earth shows us that life can provide global-scale modification of:
A planet’s atmosphereA planet s atmosphere
A planet’s surface
A planet’s appearance over time 

Biosignatures must always be identified in the context of theBiosignatures must always be identified in the context of the 
planetary environment

e.g. Earth methane and Titan methane, ammonia with oxygen, oxygen 
with liquid water. 

“Antibiomarkers” 
e.g. H2, CO on Earth-like planets – mysterious “free lunches”



Possible biosignaturesPossible biosignatures





Oxygen on EarthOxygen on Earth

N : 80%

Present

N2: 80%, 
CO2: 20%
Water and methane
NO OXYGEN

cyanobacteriay

Proterozoic N2 78%,
O 21%

Life

Archean

O2 21%
H2O 1%
CO2 335 ppmv



Earth on timeEarth on time

Kaltenegger et al. 2007



Early Earth: Archean (4 Ga)Early Earth: Archean (4 Ga)
Simulation of planets with high CO2
atmospheres:atmospheres:
• 0.8 N2, 0.02, 0.2 and 2 bars of CO2

• CH4 surface flux= 2.8×1013 gr/yr (abiotic)
• (Present CH4 flux: 5.35×1014 gr/yr)

Segura et al. 2007 (A&A, 472, 665)

EK Dra: Sun-like star, age: 0.5 Ga 



Early Earth: Archean (4 Ga)Early Earth: Archean (4 Ga)
Abiotic production of O2: ~1019 cm-2 

(present Earth: 4.65 ×1024 cm-2)(p )

Ozone from abiotic O2: 1014-1016 cm-2 

(present Earth: 8.61 × 1018 cm-2)
O3

CO2
CO2CH4H2O

CO2

O2

CH4

CH4
H2O

CO2Abiotic O2 does not produce a 
detectable signature

O2 band (9.6 μm) masked by CO2

Segura et al. A&A, 2007

2 2
(Selsis et al. 2002)

H2O, CO2 and CH4 signatures clearly 
detectable



Mid Proterozoic Earth (2.3-0.8 Ga)Mid Proterozoic Earth (2.3 0.8 Ga)
In the MIR, MidIn the MIR, Mid--

P t i E thP t i E th liklikProterozoic EarthProterozoic Earth--like like 
atmospheres show strong atmospheres show strong 
signatures from both CHsignatures from both CH4444
and Oand O33

In the visible, the OIn the visible, the O22,, 22
absorption is reduced, but absorption is reduced, but 
potentially detectable, CHpotentially detectable, CH44 is is 
less detectable for the midless detectable for the midless detectable for the midless detectable for the mid--
Proterozoic case. Proterozoic case. 



Earth around other starsEarth around other stars

Stellar spectra at the distance of a 
planet in the habitable zone of each 
star

Segura et al, Astrobiology 2003



Simulations of Earth around other planetsSimulations of Earth around other planets

Climate model
Radiative convective 1 D model (Pavlov et al 2000 JGR 105Radiative-convective 1-D model (Pavlov et al., 2000, JGR 105, 

11981).

Photochemical model
1 D d l f 55 h i l i li k d b 219 ti (P l1-D model for 55 chemical species linked by 219 reactions (Pavlov 

and Kasting, 2002, Astrobiology 2, 27).

SMART radiative transfer model
Generates high-resolution, angle dependent synthetic planetary 

spectra (Meadows and Crisp, 1996, JGR 101(E2), 4595).

Atmospheric composition of Earth-like planetsAtmospheric composition of Earth like planets
Present Earth concentrations for major species (N2, O2), and 355 ppm 
of CO2
Surface pressure of 1 atm.
Fixed surface fluxes for biogenic compounds (H2, CH4, N2O, CO, 
CH3Cl). Meaning: Life is producing the same on those planets.



Earth around other starsEarth around other stars
Visible-NIR: Small differences

CH4

O3

N O

CH

N2O
O3

CO

CH4

Mid-IR: Each planet has a 
characteristic spectrum

CO2



Earth around other starsEarth around other stars

More does More does 
not mean not mean 
more more 
detectabledetectable

OO33

detectabledetectable

33

COCO22

Segura et al, 
Astrobiology 2003



Earth around M starsEarth around M stars
AD Leo planet
Earth

MethaneMethane
Earth surface flux = 9.5 x 1014 g/yr (1.6 ppm)
No-active M star: 2 x 1014 g/yr (500 ppm)
Abiotic: 2.8×1013 gr/yr (41-140 ppm AD Leo planet
depending on UV)

p
Earth

Segura et al, Astrobiology 2005



Earth around M starsEarth around M stars

N O surface flux 1 3 x 1013 g/yrN2O surface flux = 1.3 x 1013 g/yr

Sources: Oceans, soils, biomass burning, 
industrial sources, cattle and feedlotsN2O

CH3Cl surface flux = 7.3 x 1012 g/yr

Sources: Biomass burning tropical plants

CH3Cl

Sources: Biomass burning, tropical plants, 
planktonic algae (ocean), wood-rot fungi, 

wetlands, rice paddies. 



One more lesson: Galileo experimentOne more lesson: Galileo experiment



Galileo experimentGalileo experiment

The redThe red 
edge of the 
chlorophyll

Earth in the near IR
(red, green, 1 μm)

Sagan et al. (1993)



Photosynthesis for physicistsPhotosynthesis for physicists

General expression for photosynthesis:General expression for photosynthesis:
CO2+2H2A+hν → (CH2O) + H2O + 2A

pigmentscarbohydrate

CO2 reduction by taking electros from the reductor
H A is the reducing substrate:

carbohydrate

H2A is the reducing substrate:
H2O, frees O2

H2, frees water2, ees ate
H2S, frees S
Fe2+, frees Fe(OH)3



Photons vs. PlantsPhotons vs. Plants

Kiang et al, Astrobiology, 2007



The color of alien plantsThe color of alien plants

Kiang et al, Astrobiology, 2007

STAR 
TYPE

PHOTOSYNTHETIC PIGMENT 
COLOR

OXYGENIC/ ANOXYGENIC
TYPE COLOR

F cyan, green, yellow, orange, 
infrared

oxygenic

G green yellow orange infrared oxygenicG green, yellow, orange, infrared oxygenic

K green, yellow, orange, infrared oxygenic
M Black (no color) oxygenic or anoxygenic



Scientific American, April 2008



Are plants detectable?Are plants detectable?

Tinetti et al 2006:Tinetti et al 2006:
Red edge detectable under certain conditions of 
geometry and illumination.
Plants can increase the albedo up to 50 %
Plants should cover at least  20% of the 
b d f d th t h h ldobserved surface and the atmosphere should 

be cloud free in order to detect the red edge. 
Montañés-Rodríguez et al 2006:Montañés-Rodríguez et al 2006:

The red edge is hard to detect but it may be 
possible under certain geometry conditions.p g y



What we expect to find?What we expect to find?



What we expect to find?What we expect to find?

Plants pigments if they

Microbial organisms that 
produce compounds like

Plants pigments if they 
cover a fraction of the 

observed surface
produce compounds like 

oxygen and methane



ConclusionsConclusions

Many different aspects of the planet’s environment will 
d t b bi d t d t i it h bit bilit dneed to be combined to determine its habitability and 

discriminate biosignatures.
This includes measurements of planetary characteristics, 

ll i t ti d las well as interpretive models.  
Biosignatures must be identified in the context of their 
planetary environment. 

ff fThe Earth affords many examples of biosignatures, 
some of which may be enhanced in other planetary 
environments, others diminished. 
Th l t’ UV i t t l ff t itThe planet’s UV environment strongly affects its 
atmospheric chemistry and resultant spectrum, 
sometimes in non-intuitive ways!



EXTRASEXTRAS



Chemistry on a habitable planet around 
ti M tan active M star

Methane destruction in Earth’s troposphereMethane destruction in Earth s troposphere

O h (λ 310 ) O O1DO3 + hν (λ < 310 nm) → O2 + O1D
O1D + H2O → 2 OH

CH4 + OH → CH3 + H2O
CH3 + O2 + M → CH3O2 + MCH3 + O2 + M  → CH3O2 + M
→ … → CO (or CO2) + H2O



Coeficientes de absorción en el UVCoeficientes de absorción en el UV



Photolysis of O2 and O3

O3N O O3N2O

O2



O2 and O3 signature in planets with different O2 levels 
i li d F G d K tcircling around F, G and K stars

O3 O3 O3

O2 O2 O22 2 2



Spectra from F, G, 
K and M stars

Radiative-convective 1-D 
model (Pavlov et al., 2000, 

1-D photochemical model for 55 
species linked by 219 reactions 

(Pavlov and Kasting 2002

Temperature, tropospheric H2O

Ozone stratospheric H2O( , ,
JGR 105, 11981).

(Pavlov and Kasting, 2002, 
Astrobiology 2, 27).

Ozone, stratospheric H2O

Profiles of Earth-like 
planetsplanets

SMART di ti t fSMART radiative transfer 
model (Meadows and Crisp, 
1996, JGR 101(E2), 4595).



Temperature and H2O profilesTemperature and H2O profiles

From Segura et al. (2003, 2005)



O3 profilesO3 profiles

Parent O3 columnParent 
star

O3 column 
depth (cm-2)

Sun 8.4 × 1018

F2V 1.6 × 1019

K2V 6.6 × 1018

AD Leo 4.4 × 1018

M 3100 1.2 × 1018M 3100 1.2 10

More UV more O3 ⇒ effective protection of the surface



Biosignatures

N O
CH4

N2O

Methane flux = 9.5 x 1014 g/yr, except for non active M 
(2 1014 / )

Nitrous oxide flux = 7.3 x 1012 g/yr
(2 x 1014 g/yr)

Sources: Wetlands, termites, oceans, waste decomposition, 
fossil fuels, biomass burning, domestic ruminants, rice paddies. 

Sources: Biomass burning, tropical plants, planktonic algae 
(ocean), wood-rot fungi, wetlands, rice paddies. 

CH3Cl

Methyl chloride flux = 1.3 x 1013 g/yr
Sources: Oceans, soils, biomass burning, industrial sources, cattle and 

feedlots



Biosignatures on F, G, K and M planetsBiosignatures on F, G, K and M planets

Parent 
star

Lifetime (yr)
CH4 CH3Cl N2O

S 4 4 0 6 2 102Sun 4.4 0.6 2×102

F2V 3.9 0.5 1×102

K2V 15 2 3×102K2V 15 2 3×102

M3.5V 1×103 2×103 7×102

M5V 6×103 6×102 7×105M5V 6×10 6×10 7×10

CH4 and CH3Cl have  much longer lifetimes on planets around M stars  due to 
the particular slope of the incoming UV

N2O depends directly on the incident stellar UV



Methyl chlorideMethyl chloride



Infrared Nulling Interferometer

Uses multiple mirrors to 
i l t th lsimulate the angular 

resolution of a much larger 
telescope.  
T hit tTwo architectures

“free-flyer” in precision 
formation
fixed structure (“TPF on 
a stick”).

Uses destructive interference 
to place the star in a “null”, 
reducing its light by a factor 
of a million 



Visible Light Coronagraph
A coronagraph blocks the 
light from a bright object so 
th t f i t b thithat fainter nearby things can 
be seen. 
Implemented on large optical 
telescopetelescope. 
The coronagraph must 
minimize both the direct light 
from the star, and minimize 
the telescope diffraction 
pattern to maximize angular 
resolution.  
C t d i “ k ”Current designs use “masks” 
to simulate a telescope of a 
different configuration to 
preferentially scatter light in a p y g
restricted area on the focal 
plane.  



Abi ti P d ti f O d OAbiotic Production of O2 and O3
on High CO2 Terrestrial g 2

Atmospheres*
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*The contents of this talk are part of a paper accepted in A&A and available at arXiv:0707.1557 



O2 and O3 as biosignaturesO2 and O3 as biosignatures
For a planet with water and located in the habitable zone of its star, 
high concentrations of O2 and O3 are considered good signs of the 

f lif ( O 1980 A l 1986 L l 1993)
3

presence of life (e.g Owen 1980; Angel 1986; Leger et al. 1993)

But O2 and O3 can accumulate in a planet:

Outside the 
habitable zone

Runaway greenhouse (Venus)
Frozen Mars-like planet

And it has been proposed that in a planet with no life and liquid 
water (CO2-N2 atmosphere) the reaction:

H2O + hν→ H2 + O
may lead to a high level of O and O becausemay lead to a high level of O2 and O3 because 
H2 escapes, 
O recombines into O2 and O3
⇒ accumulation of O and O⇒ accumulation of O2 and O3
⇒ false positive of life??



Previous work on Abiotic O2Previous work on Abiotic O2

Authors O2 amount Source False positive?

B k & 10 4 10 3 PAL O d d t bl k O NBerkner & 
Marshall (1964, 
1965, 1966, 
1967)

10-4-10-3 PAL O2 needed to block 
UV

O2: No
O3: Maybe

96 )
Brinkman (1969) 0.27 PAL 1/10 of the H atoms 

produced by H2O 
photolysis escape

Yes

PAL = Present Atmospheric Level = 
Walker (1977) 10-13 PAL H2 escapes at 

diffusion limit rate 
Hunten (1973)

No0.21 bars O2

Hunten (1973)

Selsis et al. 
(2002)

0.1 PAL
(super O3 layer

Photochemical 
reactions

IR: No
Vis: Yes (O2 band( ) (super O3 layer 

~2 Earth)
Vis: Yes (O2 band 
at 0.76 μm)



Our workOur work

We simulated atmospheres of planets withoutWe simulated atmospheres of planets without 
life located in the habitable zone of stars with 2 
different levels of ultraviolet radiation.  
We calculated abiotic formation of O2 and O3
due to water photolysis using a photochemical 
model
We obtained the reflected (visible) and emitted 
(MIR) f h i l d l i(MIR) spectra of the simulated planets using a 
radiative transfer model



Simulated atmospheresSimulated atmospheres
Low UV environment (present Sun, G2V, 
age 4.5 Gyr)age 4.5 Gyr)

Standard case: 0.2 CO2 bar atmosphere with 
volcanic outgassing (H2, CH4), surface 
pressure 1 bar, surface T = 278 Kp ,
No outgassing case: 0.2 CO2 bar atmosphere 
with NO volcanic outgassing (H2, CH4), surface 
pressure 1 bar, surface T = 278K 

High UV environment (EK DraHigh UV environment (EK Dra, 
G1.5V, age 0.5 Gyr)

0.02 bar CO2: Surface pressure 1 bar
0 2 bar CO : Surface pressure 1 bar0.2 bar CO2: Surface pressure 1 bar
2 bar CO2: Surface pressure 2.9 bars 
(T=317K)



Photochemical modelPhotochemical model

↑
H2 escape

Diffusion limitPhotolysis Atmospheric
H2O, CH4

→
chemistry

↔
Hydrogen balance

Degassing
H CH

Rainout
H O H S

Φvolc(H2) + Φrain(Oxidized) = Φesc(H2) + Φrain(Reduced)

Deposition in the sea

H2, CH4
↑

H2O2, H2S
↓

Deposition in the sea
↓



ResultsResults
Case

(bars CO2)
O3

(cm-2)
O2

(cm-2)
H2

(mixing ratio)
CH4

(mixing ratio)
Present Earth 8.61 × 1018 4.65 × 1024 5.5 × 10-7 1.6 × 10-6

0.2 1.87 × 1014 1.24 × 1019 1.25 × 10-3 1.38 × 10-4

Low UV (standard)
0.2 
Low UV, no outgassing

7.51 × 1015 4.94 × 1019 4.85 × 10-6 9.4 × 10-12

, g g
0.02
High UV

3.53 × 1014 6.62 × 1018 8.29 × 10-4 1.66 × 10-5

0 2 6 70 × 1014 3 63 × 1019 1 09 × 10-3 4 07 × 10-50.2
High UV

6.70 × 10 3.63 × 10 9 1.09 × 10 3 4.07 × 10 5

2
High UV

5.13 × 1014 4.24× 1019 1.17 × 10-3 8.75 × 10-5

High UV



Visible and NIR spectra of high CO2
l tplanets

Present solar 
UV

Higher UVg

•No signature of O2 at 0.76 μ m (A-band)
•Methane signature at various wavelengths
•Slope between 0.5 – 0.7 μm due to strong 
Rayleigh from CO2Rayleigh from CO2
•Strong CO2 absorption in triplet of bands centered 
in 1.05 μ m



Mid IR spectra of high CO2 planetsMid IR spectra of high CO2 planets
• Surface temperature is not 
sampled by the spectra

• For the 2 bar CO2 case the 
sampled temperature at the 9 μm 
window is 30 K cooler than the 
surface T

0.02 bars CO2

surface T

0.2 bars CO2

• O3 band hidden by CO2 doubly hot bands 
(noted by Selsis et al, 2002)

• Methane and water absorptionMethane and water absorption

• Oxygen isotopes within CO2



Results and ConclusionsResults and Conclusions

• EK Draconis is an upper limit of 
UV radiation emitted by an early 
Sun-like star. 

• O3 and O2 production are not 3 2 p
severely affected by this 
parameter

• CH is more abundant on high-• CH4 is more abundant on high-
CO2/low-UV environments



Results and ConclusionsResults and Conclusions
CO2-dominated habitable atmospheres exhibit a wealth 
of spectral features:
•Multiple CO2 absorption bands throughout the visible-
NIR range accessible to an optical coronograph (0.5-a ge access b e o a op ca co o og ap (0 5
1.7μm)
•The CO2 band in the visible-NIR near 1.62 μm, 
produces a potentially detectable feature
•For atmospheres with high CO2 abundances (0.2-p g 2 (
2bars of CO2), the 1.05 μm bands provide strong 
absorption features, and are better features for potential 
quantification of large amounts of atmospheric CO2 
provided R~50. p

•MIR interferometer (5-25 μm) provide differing 
sensitivity to a large range of CO2 abundances.
•The CO2 15 μm feature provides the strongest 2 μ p g
absorption for CO2 and is the most detectable feature in 
a terrestrial planet atmospheres
•Isotopes of CO2, produce strong features that may 
provide clues to the O isotopic composition of a CO2-p p p 2
dominated terrestrial planet.



ConclusionConclusion

For planets with water located in the habitable zone an abiotic “false positive” signal 
with strong O2 or O3 absorption is unlikely, and does not pose a significant hazard for g 2 3 p y, p g
habitable planets observed with TPF or Darwin.



Wake up I already finished!Wake up I already finished!

don’t miss the paper:…don t miss the paper:
Abiotic Formation of O2 and O3 in High-CO2

T t i l At hTerrestrial Atmospheres
by A. Segura, V. S. Meadows, J. F. Kasting, 

D. Crisp, and M. Cohen
Cooming soon at Astronomy and g y

Astrophysics
Already available at arXiv:0707 1557Already available at arXiv:0707.1557


