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small rocky planets close to the Sun
gas-giant planets more distant from the star
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Atmospheres of the Solar System *

(Giant Planets
-  Primaryatmospheres (H,, He, CH,...)
- Little evolution (no surface, little escape)

« Terrestrial » planets (Earth, Venus, Mars, Titan)
- Secondary atmospheres (CO, /N,,N,/O,, N, / CH,)
—  Outgassed and strongly evolved (escape, surface interaction)

Tenuous atmospheres (Pluto, Triton, Io, Enceladus)
- In equilibrium with surface ices or internal sources

Exospheres (Mercury, Moon, other Galilean satellites)
-  Solar flux or solar wind action on surfaces




Table 1.3 List of three most abundant gases in planetary atmospheres. Mixing
ratios are given in parenthesis. All compositions refer to the surface or 1 bar.

Jupiter

Saturn

Uranus

Neptune

Titan

Triton

Pluto

o

H, (0.93)
H, (0.96)
H, (0.82)
H, (0.80)
N, (0.95 — 0.97)

N, (0.99)

SO, (0.98)
CO, (0.95)
CO, (0.96)

N, (0.78)

He (0.07)

He (0.03)

He (0.15)

He (0.19)

CH, (3.0 x 107%)
CH; (2.0 x 107%)
CH, (?)

SO (0.05)

N, (2.7 x 107%)

N3 (3.5 x 1072)

0 (0.21)

CH4 (3 x 1079)
CH,4 (4.5 x 1079)
CH,4 (2.3 x 1072)
CH4 (1 -2 x107?)
H; (2 x 1079)
CO (< 0.01)

Co (?)

O (0.01)

Ar (1.6 x 107%)
SO, (1.5 x 107%)

Ar (9.3 x 107%)




Atmospheric Chemistriy

Equilibrium Chemistry
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One-dimensional photochemical model &

e Solving masss continuity equation
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atm

- K,,= Kxn',y=0.5
 Temperature profile from thermochemical
calculation

e Chemical reactions from, for example, Yung
and DeMore (1999)
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Habitable zone

Temperature increases towards the Sun

Habitable zone= presence of water in the liquid phase




, Habitable Zone
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Greenhouse effect

Planetary Energy balance is given by:

0T, *~S(1-A)/4¢

Greenhouse

Teffective Tsurface

-43C 470C 513C
-17C 18C 3:C
-55C -50C




Greenhouse effect *

MARS-Mariner 9 /IRIS (1973)
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>»Incoming (8W) and outgoing (LW) radiation is NOT homogeneous over
the planet

>The gradient of the difference between radiative equilibrium
temperature and effective emitted temperature drives the flow, BUT the
flow changes both

>»Most of the trangport is not direot: eddies and waves do most of the
work




N N 1 . V = lateral winds
w = vertical wind
ap P = pressure
g =—pP8 P = density
F = sources
ap+v-Vp+w3§=—p(V-v+aw) D = sinks

—+V'Vv+w—=——Vp- fKxv+F, + D,
ot Z p

ot 0z f = Coriolis param.

g = '
@+ v-VO+ wa—e—Fa + D, gravity

ot dz 6 = potential temp.

p = pRT T = temperature
R = gas constant

»Currently equations only approximaitely solved:
»Use them to gain physical insights and study mechanisms, and not make hard
predictions
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T-P for terrestrial planets in our Solar System
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i
T-P for Giant planets in our Solar System
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Photochemical hazes”

e/

Tholin Haze 107% mbar CH, — Products

Temperature

-2 Synthesis of complex
107 mbar c Y hydrocarbons and PAH (7}
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FIG. 1. Schematic diagram of physical processes included in the coupled
chemical-aerosol microphysical model.




Upper Atmosphere *

Energetic
Particles
lon/Neutral

Neutral Upwelling Escape
From Heated A\
Region

5(*‘

Fountain

Effect k‘

Neutral Wind l

Drags lons Down ™\
Field Line

lonosphere Crest

Plume

lon-Driven Pol
Wind o1y

/ lonosphere

Plasmasphere
Draining and®
Heating

E-Driven

*
1 m Downward
- Flow
Implusive &
Heating- /

Driven Wind
f \S
B

Neutral Wind
Drags lons Up
Field Line

f—

sl (005
—} Neutrals




TaBLE 1. Nonthermal Processes Leading to Escape*

PROCESS EXAMPLES PR()DUCTJr
1. Charge exchange H+H"*—HT + H* N —
O+H"*— 0" + H* N
2. Dissociative Os™ + e — O* + O* N
recombination OH" +e— O + H* N
3. Impact dissociation Ny + e* — N* + N* N
Photodissociation Oy + hv — OF + O* N
4. Ton-neutral reaction O*+H. > >OH +H* N
5. Sputtering or O+ 0" = 0O%+ Q" * N
Knock-on O* 4+ H — O*F + H* N

Solar-wind pickup

. Ion escape

Electric field

O+hv—0" +e
O™ picked up

H + * escapes
XT+ eV Xt*

bd P ] ]

CHARGE EXCHANGE PROCESS /
A

Photodissociation of Oxygen (02)

>
: >

© The COMET Program
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Mars: Gone with the (Solar) Winc

o

Kass and Yung Science 1995




Venus: Loss of Ocean and Sulfur
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Yung et al. JGR 2008




Learning about distant worlds
by analysing their light
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Family portrait:

the solar system in one pixel
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Photons emitted by the
planet,
Molecules (roto-
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thermal structure, clouds




Full-Disk Albedo
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Planetary spectra in the VIS
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Planetary spectrain the IR &

Titan

CH, CN, CH, CH, CH, Voyager IRIS Spectrum.
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4063 Exoplanets

Number of planets by year of discovery
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4063 Exoplanets

Number of planets by mass
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Direct detection
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Transiting planets

[ N
Deming et al., 2005
Charbonneau et al., 2005

Total Bnghtne=a

Charbonneau et al., 2002
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. Planet with no atmosphere
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Planet with no atmosphere

R =R










opectral signature of a
transiting planet

Molecule a



H=KT /(M &)

M = mean molecular mass of dr‘y air (units kg)
g = acceleration due to gravity on. planetary surface (m/s?)




Star+Planet
Flux]




(Ry/R )2 Fy(M)/F.(M),”0.1%




Light curve of a transiting exoplanet
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Combined light sta,r—pla,fiet




contribution from
the planet.
~0.1%

Harrington et al., Science, 2006
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transmission band-photometry =#
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IRS: emission spectroscopy
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'w¢ NICMOS: transmission spectroscopy *
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‘=t GJ436Db: transmission band-photometry *

Methane-rich atmosphere?
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L . " Methane-rich atmosphere?
" -H' |l No evidence of CO/CO,

5 =2l
Beaulieu et al., 2010 ' ‘A






NIR-MIR emission spectroscopy
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Transit spectroscopy, Hubble
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NICMOS: transmission spectroscopy
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NICMOS: transmission spectroscopy
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NICMOS: transmission spectroscopy
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NICMOS: transmission spectroscopy
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Non simultaneous observations (risky) #

HD 13897350, terminator
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CO detectlon 1th VLT Crlres
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opectral retrieval in the IR
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Degeneracy T-P profile, mixing rati




'&¢ Degeneracy composition T-P proﬁle ﬂfﬂ
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Methane-rich atmosphere
or methane poor?

Spectroscopy needed!
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Flux Planet/Flux Star (107
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Around-based spectroscopy
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Next generation of ground dnd
space-based telescopes

PTIVE RELAY UNIT TOWER

\

ADA Y UNIT TOWE
NASMYTH PLATFORM




Medium size space telescope +
Coronograph

v'Access: coronagraphs for exoplanet missions (John
Trauger)
v'Dayvinci, Dilute Aperture VIsible Nulling Coron.
Imager(Michael Shao)
v'EPIC: directly imaging exoplanets orbiting nearby stars
(Mark Clampin)

v'PECO: refining a Phase Induced Amplitude Apodizatidn\,,_;;_;
Coronograph (Olivier Guyon) T
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Super Earth Explorer
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'_ l\TWO isa la,rge ela,ss Exopla,net IIllSSlOIl that emplo;ys two
. spa,ceerafts a “starsfiade” to suppress starhght before it
enters the telescope and a eonventlona,l telescope to deteet

Fa and eharactemze eXo planets P s

Cash, Nature, 2006 -




Mission for combined light*

e European version of THESIS (M-class)

e 0.5-16 (28) micron spectroscopy of planet+star
 Giants, Neptunes, Super-earths in Hab. Zone M-stars




Concluegions

d water vapour, methane, CO, CO,
in the Hot-Jupiters analysed
a degeneracy of interpretation
Ds/thermal profiles.

at higher resolution are
) break the degeneracy
)etter line lists for methane,
s, H.S, CO,, etec. @ 1000-2000K
leptunes and Super-Earths
2n studied with transit




