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A new generation of instruments

® Launch:2009
® Photometer:0.95 m
® Detection of Earth-size planets

® ~100 nearby stars
® Visible and infrared
spectroscopy
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A new generation of instruments

®Launched December 2006.
®27 cm Photometer

® |[nfrared interferometer




The problem of detecting Earth-size
planets
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Remote detection of life

® \We will not be able to
“resolve” the extrasolar
planet

Everything we learn
about the planet will be
obtained from disk-
averaged data.

The signs of life must be
a global surface
phenomenon

Our interpretation is only
as good as the effective
emitting layer!




Earth: an habitable world

® \Vater: 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
pressure for water to be liquid

Planet Toss T 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 field.




Earthshine: Earth’s disk averaged
spectrum
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Data: Woolf, Traub and Jucks 2001

Models: Tinetti et al., 2006

Nk 0.8
Wavelength (um)




Present Earth: surfaces
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Terrestrial Planets in the visible-NIR
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Terrestrial Planets in the mid IR
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Biosignatures: Life’s footprints

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

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

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

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

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




Possible biosignatures

m Hydrogen

m Methane
Olsoprene

B Dimethyl Sulphide
H Ammonia

O Nitrogen

m Nitrous Oxide

@ Carbon Monoxide

| |m Carbon Dioxide
o Oxygen
Without Life Tim Lenton, Cenlre for
Ecology and Hydrology
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Oxygen on Earth

N,: 80%,
CO,: 20%
Water and methane

NO OXYGEN ’. £
cyanobacteria /
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10 microns
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Time Before Present (Gyr)




Earth on time
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Early Earth: Archean (4 Ga)

Simulation of planets with high CO,

atmospheres:
* 0.8 N,, 0.02, 0.2 and 2 bars of CO,
« CH, surface flux= 2.8x10"3 gr/yr (abiotic)

« (Present CH, flux: 5.35x10" gr/yr)

Altitude (km)

e low CO, cases
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Temperature (K)

O
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Flux (W m*nm™)

.2 bar CO,

Altitude (km)

Wavelength (nm)

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

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




Early Earth: Archean (4 Ga)

Abiotic production of O,: ~10® cm-2
(present Earth: 4.65 x10%4 cm)

] Ozone from abiotic O,: 104-10"% cm-
Present Earth - (present Earth: 8.61 x 108 cm-2)
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high UV case ™

i
Abiotic O, does not produce a “n'\

detectable signature o2f | m.*,'fJ

\ CHR'l
0O, band (9.6 um) masked by CO, )
(Selsis et al. 2002) Jo e

H,0, CO, and CH, signatures clearly
detectable Segura et al. A&A, 2007




Proterozoic Earth
1ean Earth

0.7 0.8 0.9
Wavelength (um)

Mid Proterozoic Earth
Archean Earth

10 12 14 16 18 20
Wavelength (um)

In the MIR, Mid-
Proterozoic Earth-like
atmospheres show strong
signatures from both CH,

and O,

In the visible, the O,
absorption is reduced, but
potentially detectable, CH, is
less detectable for the mid-
Proterozoic case.




Earth around other stars

Stellar spectra at the distance of a

oy planet in the habitable zone of each

25} 1 star
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Simulations of Earth around other planets

Climate model

R)’adiative-convective 1-D model (Pavlov et al., 2000, JGR 105,
11981).

Photochemical model

1-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 planets

O Present Earth concentrations for major species (N,, O,), and 355 ppm
of CO,

O Surface pressure of 1 atm.

O Fixed surface fluxes for biogenic compounds (H,, CH,, N,O, CO,
CH,CI). Meaning: Life is producing the same on those planets.




Earth around other stars

Visible-NIR: Small differences
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Mid-IR: Each planet has a 5 10 15 20 25
characteristic spectrum Wavelength («m)




Earth around other stars

.................... More does
< not mean
£l : more
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Earth around M stars

1.0
Wavelength (um)

Methane
Earth surface flux = 9.5 x 10" g/yr (1.6 ppm)
No-active M star: 2 x 104 g/yr (500 ppm)
Abiotic: 2.8x10"3 gr/yr (41-140 ppm

depending on UV)

""""" AD Leo planet ]
Earth
bo.os_
P
5 0.067
2 :
v 0.04;
0.02}
0.00!

Segura et al, Astrobiology 2005
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Earth around M stars

N,O surface flux = 1.3 x 103 g/yr

Sources: Oceans, soils, biomass burning,
industrial sources, cattle and feedlots
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CH,Cl surface flux = 7.3 x 1012 g/yr CH;CI

AD Leo””
M4.5V

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

wetlands, rice paddies. P

CH,CI mixing ratio




One more lesson: Galileo experiment

NATURE - VOL 365 - 21 OCTOBER 1993

A search for life on Earth from the Galileo
spacecraft

Carl Sagan’, W. Reid Thompson', Robert Carison’, Donald Gurnett’
& Charles Hord’

* Laboratory for Planetary Studies, Cornell University, Ithaca, New York 14853, USA

t Atmospheric and Cometary Sciences Section, Jet Propulsion Laboratory, Pasadena, California 91109, USA
} Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242-1479, USA

§ Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado 80309, USA

In its December 1990 fly-by of Earth, the Galileo spacecraft found evidence of abundant gaseous
oxygen, a widely distributed surface pigment with a sharp absorption edge in the red part of
the visible spectrum, and atmospheric methane in extreme thermodynamic disequilibrium;
together, these are strongly suggestive of life on Earth. Moreover, the presence of narrow-
band, pulsed, amplitude-modulated radio transmission seems uniquely attributable to intellig-
ence. These observations constitute a control experiment for the search for extraterrestrial life
by modern interplanetary spacecraft.




Galileo experiment
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Sagan et al. (1993)




Photosynthesis for physicists

® General expression for photosynthesis:
CO,+2H,A+hv —» (CH,0O) + H,O + 2A

IOIgrnentSc:arbohydrate

CO, reduction by taking electros from the reductor

® H,A is the reducing substrate:
OH,0, frees O,
OH,, frees water
OH,S, frees S
OFe?*, frees Fe(OH),




Photons vs. Plants

— TOA-mmol/m2/s/micron
— Surface-mmol/m2/s/micron
688, 02
720.5, H20
761,02
— oak leaf reflectance
— grass reflectance
— moss reflectance, Polytrichum
— lichen reflectance, Acarospora

1% L
u|_|'~l|.l "E!-: r

1200 1400 1600 1800 2000 2200 2400
wavelength (nm)

Kiang et al, Astrobiology, 2007




The color of alien plants

1.043-1.045
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photons/m?/s/micron

Earth surface
— F2V surface max IPAL
— K2V surface max 1PAL
M1V 3650K surface max 1PAL
— M4.5V AD Leo surface max 1PAL
-M5V 3100K surface max O,x1e-053
—— Rhodobacter sphaeroides (BChl a absorbance)
Blastochloris viridis (BChl b absorbance)
0,, 687.5 nm
0,, 761 nm

CO,

wavelength (microns)

PHOTOSYNTHETIC PIGMENT
COLOR

cyan, green, yellow, orange,
infrared

green, yellow, orange, infrared
green, yellow, orange, infrared
Black (no color)

OXYGENIC/ ANOXYGENIC

oxygenic

oxygenic
oxygenic

oxygenic or anoxygenic




SPACE SCIENCE

The Color of “lants on Other Worlds

On other worlds, plants could be red, blue, even black

BY NANCY Y. KIANG

plan- _ p
uatic me organisms live

drothermal vents

hat indicate
reen chlo-

RED EARTH, GREEN EARTH, ELUE EARTH: Type M stars (red
dwarfs) are feeble, so plants on an orbiting Earthlike world
might need to be black to absorb all the available light
(first panel). Young M stars fry planetary surfaces with ultra-
violet flares, so any organisms must be aguatic (s ).
Oursunis type G (third). Around F stars, plants might get
—The Editors  too much light and need to reflect much of it (fourth).

EENM IROWH A M C

48 SCIENTIFICAMERICAN

Scientific American, April 2008




Are plants detectable?

® Tinetti et al 2006:

ORed edge detectable under certain conditions of
geometry and illumination.

OPlants can increase the albedo up to 50 %

OPlants should cover at least 20% of the
observed surface and the atmosphere should
be cloud free in order to detect the red edge.

® Montanés-Rodriguez et al 2000:

OThe red edge is hard to detect but it may be
possible under certain geometry conditions.




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

gl : Plants pigments if they
St 748 | . cover a fraction of the
al organisms that observed surface

produce compounds like
oxygen and methane




Conclusions

® Many different aspects of the planet’'s environment will
need to be combined to determine its habitability and
discriminate biosignatures.

® This includes measurements of planetary characteristics,
as well as interpretive models.

® Biosignatures must be identified in the context of their
planetary environment.

® The Earth affords many examples of biosignatures,
some of which may be enhanced in other planetary
environments, others diminished.

® The planet’s UV environment strongly affects its
atmospheric chemistry and resultant spectrum,
sometimes in non-intuitive ways!




EXTRAS




Chemistry on a habitable planet around
an active M star

Methane destruction in Earth’s troposphere

O, +hv(A<310nm) —> O, + O'D

O'D + H,0 —» 2 OH
CH, + OH —» CH,; + H,O
CH,+0O,+M — CH,O,+M
— ...~ CO (or CO,) + H,O




Coeficientes de absorcion en el UV
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Photolysis of O, and O,

A

M “ Non éctlve star -
' Te#=3100K

300

Wavelength (nm)




O, and O, signature in planets with different O, levels

circling around F, G and K stars
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Spectrafrom F, G,

K and M stars

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

JGR 105, 11981).

Temperature, tropospheric H,O
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Ozone, stratospheric H,O
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1-D photochemical model for 55
species linked by 219 reactions
(Pavlov and Kasting, 2002,
Astrobiology 2, 27).

Profiles of Earth-like
planets
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Altitude (km)

SMART radiative transfer
model (Meadows and Crisp,
1996, JGR 101(E2), 4595).
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Integrated flux (W m? um)
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Wavelength (um)




Temperature and H,O profiles

Altitude (km)

200
Temperature (K)

Altitude (km)

From Segura et al. (2003, 2005) H,0 mixing ratio




O, profiles
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More UV more O, = effective protection of the surface




Biosignatures

Altitude (km)

107 10°® 10°
CH, mixing ratio

Methane flux = 9.5 x 10" g/yr, except for non active M

Altitude (km)

N,O mixing ratio

Nitrous oxide flux = 7.3 x 102 g/yr

14
(2 x 10 glyr) Sources: Biomass burning, tropical plants, planktonic algae
Sources: Wetlands, termites, oceans, waste decomposition, (ocean), wood-rot fungi, wetlands, rice paddies.

fossil fuels, biomass burning, domestic ruminants, rice paddies.

Methyl chloride flux = 1.3 x 103 g/yr

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

Altitude (km)

CH,Cl

10° 10°

CH,CI mixing ratio




Biosignatures on F, G, K and M planets

Sun 4.4 0.6 2x10?
F2V 3.9 0.5 1x1072
K2V 15 2 3x10?
M3.5V 1x103 2x103 7x107?
M35V 6x103 6x 1072 7x10°

CH, and CH;Cl have much longer lifetimes on planets around M stars due to
the particular slope of the incoming UV

N,O depends directly on the incident stellar UV




Methyl chloride

AD Leo planet—f
without CH,CI 1

AD Leo planet
with CH_CI
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Infrared Nulling Interferometer

Uses multiple mirrors to
simulate the angular
resolution of a much larger
telescope.

Two architectures
O “free-flyer” in precision
formation
O 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
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Visible Light Coronagraph

A coronagraph blocks the

light from a bright object so Z Rairats
that fainter nearby things can all dark
be seen. '

Implemented on large optical
telescope.

The coronagraph must
minimize both the direct light
from the star, and minimize
the telescope diffraction
pattern to maximize angular
resolution.

Current designs use “masks”
to simulate a telescope of a
different configuration to
preferentially scatter lightin a
restricted area on the focal
plane.




Abiotic Production of O, and O,
on High CO, Terrestrial
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O, and O, as biosignatures

® For a planet with water and located in the habitable zone of its star,
high concentrations of O, and O, are considered good signs of the
presence of life (e.g Owen 1980 Angel 1986; Leger et al. 1993)

® But O, and O, can accumulate in a planet:

O Runaway greenhouse (Venus) Outside the
O Frozen Mars-like planet habitable zone

® And it has been proposed that in a planet with no life and liquid
water (CO,-N, atmosphere) the reaction:

H,O+hv—>H,+0
may lead to a high level of O, and O, because
H, escapes,

O recombines into O, and O,
— accumulation of O, and O,
— false positive of life??




Previous work on Abiotic O,

Authors O, amount Source False positive?

Berkner & 10-4-10-3 PAL O, needed to block |O,: No
Marshall (1964, uv O,: Maybe
1965, 1966,
1967)

Brinkman (1969) | 0.27 PAL 1/10 of the H atoms | Yes
PAL = Present Atmospheric Level =
0.21 bars O,

Walker (.., I
diffusion limit rate
Hunten (1973)

Selsis et al. 0.1 PAL Photochemical IR: NoO

(2002) (super O, layer reactions Vis: Yes (O, band
~2 Earth) at 0.76 um)




Our work

® \We 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 O, and O,
due to water photolysis using a photochemical
model

® \We obtained the reflected (visible) and emitted
(MIR) spectra of the simulated planets using a
radiative transfer model




Simulated atmospheres

® Low UV environment (present Sun, G2V,
age 4.5 Gyr)
O Standard case: 0.2 CO, bar atmosphere with
o 00 0 545 5 200 volcanic outgassing (H,, CH,), surface
—r pressure 1 bar, surface T = 278 K
O No outgassing case: 0.2 CO, bar atmosphere

with NO volcanic outgassing (H,, CH,), surface
pressure 1 bar, surface T = 278K

® High UV environment (EK Dra,
G1.5V, age 0.5 Gyr)
O 0.02 bar CO,: Surface pressure 1 bar
O 0.2 bar CO,: Surface pressure 1 bar

O 2 bar CO,: Surface pressure 2.9 bars Wavelengh ()
(T=317K)

Flux (W m~>nm™")

200 250 300 350




Photochemical model

T

H, escape

Photolysis Diffusion limit Atmospheric
H,O, CH, chemistry

> <>
Hydrogen balance

D, (Hy) + ©,,,(Oxidized) = ©

volc( esc(

Degassing Rainout
H,, CH, H,0,, H,S

H,) + ®,,,(Reduced)

Deposition in the sea

\



Results

Case
(bars CO,)

O,
(cm)

O,
(cm)

H2
(mixing ratio)

CH,
(mixing ratio)

Present Earth

8.61 x 1018

4.65 x 104

5.5 x 107

1.6 x 10°

0.2
Low UV, no outgassing

iaoE Dl

4.94 x 1019

0.02
High UV

353 % 107

6.62 x 108

0.2
High UV

2
High UV

513 % 1014

4.24x 1070




Visible and NIR spectra of high CO,

a) . i
0.10} 0.04
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i 0.02
g 0.06] _
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Q [ I
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0.02 Wavelength (um)
L \ Higher UV
0,00 . .. s . _ .
06 08 10 12 14 16 0.08 [\ '
W S !
avelength (um) % oe 1
E I B
. | 0.02b CO, ]
*No signature of O, at 0.76 u m (A-band) 0.04 ars CO, ]
*Methane signature at various wavelengths -
0.00 :

0.6 0.8 1.0 1.2 1.4 1.6

*Strong CO, absorption in triplet of bands centered
Wavelength (um)

in1.05 um



Mid IR spectra of high CO, planets

» Surface temperature is not
sampled by the spectra

Present Earth :  For the 2 bar CO, case the
sampled temperature at the 9 um

O
S

280
260 |
240 [r]
220
200 |
180 |
160 |

window is 30 K cooler than the
surface T

o

Brightness temperature (K) ~—

300}
280

260
240 3' {
220 fif "

200 f
180 f
160 |

Brightness temperature (K)

0.02 bars CO, p
0.2 bars CO‘2 E

6 8 10 12 14 16 18
Wavelength (um)

* O, band hidden by CO, doubly hot bands

(noted by Selsis et al, 2002)

* Methane and water absorption 6 8 10 12 14 16 18 20
Wavelength (um)



Results and Conclusions

Present Earth

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

g

Brightness temperature (K)

0.2 CO, bar planet /
higher UV

« O; and O, production are not
severely affected by this 02 00, bar pane
parameter —

Wavelength (um)

» CH, is more abundant on high-
CO,/low-UV environments

\ 0.2 CO, bar planet
higher UV

0.2 CO, bar planet
present solar UV

Present Earth

1.0 1.2
Wavelength (um)




Radiance (W/m’/um/sr)

Results and Conclusions

\ No outgassing

1.2
Wavelength (um)

\//2 bar CO, x\
whe

high UV case ~——

10 12 14
Wavelength (um)

Present Earth
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CO,-dominated habitable atmospheres exhibit a wealth
of spectral features:

*Multiple CO, absorption bands throughout the visible-
NIR range accessible to an optical coronograph (0.5-
1.7um)

*The CO, band in the visible-NIR near 1.62 um,
produces a potentially detectable feature

*For atmospheres with high CO, abundances (0.2-
2bars of CO,), the 1.05 um bands provide strong
absorption features, and are better features for potential
quantification of large amounts of atmospheric CO,
provided R~50.

*MIR interferometer (5-25 um) provide differing
sensitivity to a large range of CO, abundances.

*The CO, 15 um feature provides the strongest
absorption for CO, and is the most detectable feature in
a terrestrial planet atmospheres

*Isotopes of CO,, produce strong features that may
provide clues to the O isotopic composition of a CO,-
dominated terrestrial planet.




Conclusion

2 bar CO,-high UV-low T

——

— e

2 bar CO,-high UV

Standard case
No outgassing

-

emrm s

™y
w
—
e
=
£
2
)
&
c
X
T
3
o

Present Earth

0.76
Wavelength (um)

For planets with water located in the habitable zone an abiotic “false positive” signal

with strong O, or O, absorption is unlikely, and does not pose a significant hazard for
habitable planets observed with TPF or Darwin.
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