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About composition and density
• Densities and distances of objects in solar system supports this condensation theory:

• Rocky planets : 3-6 g cm-3

=> mostly rocks and metals.

• Gazeous planets: 1-2 g cm-3

=> Rocky-core, ices and gazes

• Inner belt asteroids: contains metals                                                         
and rocks

• Outer main belt, KBOs: less metals, more ices







Extrasolar planet detection

Astrometry (17 objects, 6 planets ??+53 GAIA candidates)
Radial Velocity (1005 planets in 747 systems, 177 multiple planet systems)
Transit (3618 planets in 2734 systems, 576 multiple planet systems)
Microlensing (215 planets in 195 systems, 710 multiple planet systems)
Direct detection (213 planets in 125 systems, 8 multiple planet systems)

Sept 10 2022, 5168 planets / 3812 planetary systems / 835 multiple planet systems



Planets are ubiquitous

OUR GALAXY IS MADE OF GAS, STARS & PLANETS

6Cassan et al, 2012; Batalha et al., 2015

There are at least as many planets as stars



The transit technique
Only planets closed to ~ 90 deg inclinaison

Transit probability

10 % probability for a planet at 0.05 AU around a solar like star

Transit depth

Jupiter : 1 % depth Earth: 0.01 % depth



transit and occultations



https://astro.unl.edu/nativeapps/

https://astro.unl.edu/nativeapps/


HD209458b transiting hot Jupiter in 1999







Snow line approximated as   2.7 x M / Mo (AU)



Mass radius relations and isodensity curves
with firsdt small planets



Completeness-corrected
histogram of planet radii for 
planets with orbital periods
shorter than 100 days. 
Lightly shaded regions
encompass our definitions of 
“super-Earths” (light red) 
and “sub-Neptunes” (light 
cyan). The dashed cyan line 
is a plausible model for the 
underlying occurrence 
distribution after removing
the smearing caused by 
uncertainties on the planet
radii measurements.

Rocky interior ?

Water world?

Histogram of planet radii, 2 peaks, 
super-Earth and Mini-Neptune



Classification 
according to density

A&A proofs: manuscript no. HD219134
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Fig. 13: Mass-radius relation for planets with radii smaller than 2.7 R� and with masses determined to a precision better than 20 %
(updated from Dressing et al. (2015)). The shaded gray region in the lower right indicates planets with iron content exceeding the
maximum value predicted from models of collisional stripping (Marcus et al. 2010) . The solid lines are theoretical mass-radius
curves (Zeng & Sasselov 2013) for planets with compositions of 100 % H2O (blue), 25 % MgSiO3 - 75 % H2O (purple), 50 %
MgSiO3 - 50 % H2O (green), 100 % MgSiO3 (black), 50 % MgSiO3 - 50 % Fe (red), and 100 % Fe (orange). In this diagram, the
position of HD 219134 b is almost overlapping the point for CoRoT-7 b. It belongs to a group of planets including Kepler-36 b,
Kepler-93 b, and Kepler-10 b.
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Rocky interior ?
Water world?

Or ?



Ternary diagrams

• A+B+C=100 %
• How to plot the 3 variables together



Example of reading
the figure

Rock 12:
60% Sandstone | 10% Shale | 30% Limestone = 
100%



GJ1214b, 6.55 Mearth
Calculating different models H-He, H2O, Earth like
nucleus fractions.  
Isocurves for Radiu 2.5, 3, …,  10, 12,  15 Rearth

Valencia, 2013



GJ1214b, radius  
~2.6 Earth radii

18% H2O + 5% H-He +77 % Earth like

Or 100 % water  ?



Ternary Diagrams for GJ 1214b and Kepler-
11e. These triangular diagrams relate the 
composition in terms of earth-like nucleus 
fraction, water+ices fraction, and H/He 
fraction to total mass, to the radius for a 
specific planetary mass. Each vertex 
corresponds to 100%, and the opposite side
to 0% of a particular component. The color
bar shows the radius in terms of Earth-radii, 
and the grey lines are the isoradius curves
labeled in terms of Earth-radii. The collection 
of ternary diagrams for a range of planetary
masses forms a triangular prism. The black 
band shows the compositions constrained by 
data for GJ 1214b for a grain-free envelope
(top left), and a grainy envelope (bottom
right), and Kepler-11e for a grain free 
envelope (top right) as projected onto the 
planetary mass MMM from the ternary
diagrams at M+ΔMM+Delta MM+ΔM and 
M−ΔMM-Delta MM−ΔM (where ΔM Delta 
MΔM are the uncertainty values taken from
the observational data).



18% H2O + 72% H-He +10 % Earth like

15% H2O + 30% H-He +55 % Earth like



Completeness-corrected
histogram of planet radii for 
planets with orbital periods
shorter than 100 days. 
Lightly shaded regions
encompass our definitions of 
“super-Earths” (light red) 
and “sub-Neptunes” (light 
cyan). The dashed cyan line 
is a plausible model for the 
underlying occurrence 
distribution after removing
the smearing caused by 
uncertainties on the planet
radii measurements.

Rocky interior ?

Water world?

Histogram of planet radii, 2 peaks, 
super-Earth and Mini-Neptune



A fabulous diversity in the exoplanet zoo
Mass and Radius are not enough

Bennett & Rhie. 1996

9/14/22 24The science of EChO – COSPAR

5 Super Earth / Mini Neptunes in Kepler 11. Very different atmospheres !
(Lissauer et al. 2011, Valencia et al., 2013)



Occultation Occultation

Transit

Flux ratio day side of the planet / star 



At different wavelength, because of different
absorbing molecules-> different effective radius 



Scale height in an atmosphere

𝑃(𝑧) = 𝑃(𝑧&) 𝑒𝑥𝑝 − +,+
-

Pressure falls off exponentially with height in atmosphere with uniform
temperature.

𝐻 = /0
12

has the dimension of distance and is called, the scale height. 

M is the mean molecular mass, 2.3 g/MOL for hot Jupiter, 28 g/MOL for Earth

Atmosphere of gazeous planets more extended than Earth like !

scale height is the perpendicular distance over which a particular physical variable drops by a factor of e



• The expected
depth of the 
absorption 
features in a 
haze-free 
atmosphere is
proportionalto
the atmospheric
scale height



M = mean mass of one 
mol of atmospheric
particles = 
0.029 kg/mol for Earth

T = mean atmospheric
temperature in kelvins 
= 250 K for Earth

R=Molar gas constant, units of 
energy per temperature
increment per mole, meaning
Avogadro constant multiplied
by the Boltzmann constant k



The Sun’s planets are cold
SOME KEY O, C, N, S MOLECULES ARE NOT IN GAS FORM

Paris – April 2018

T ~ 150 K

30



Warm/hot exoplanets
O, C, N, S (TI, VO, SI) MOLECULES ARE IN GAS FORM

H2O gas     CO2 gas

CO gas CH4 gas

HCN gas TiO gas

VO gas H2S gasCondensates

Atmospheric 
pressure

1 Bar

0.01Bar

Paris – April 2018

Gases from interior

T ~ 500-2500 K

31





Detection of 3 molecular bands in 1956… 

Deuterium from Earth atmosphere… (1965) oooops.

Get your line lists right…



We need good line lists…
Exomol and other groups



Water vapour absorption as a function of 
temperature and wavelength
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Temperature-Pressure profile in hot Jupiters 

Thermal profiles for the hypothetical ‘hot’, 
‘warm’ and ‘cool’ exoplanets (as labelled) 
used in the chemical models
shown in figure. The grey dashed lines
represent the equal-abundance curves for 
CH4−CO and NH3−N2. Profiles to the right
of these curves are within the N2 and/or CO 
stability fields. The dot-dashed lines show 
the condensation curves for MgSiO3,
Mg2SiO4 and Fe (solid, liquid). Moses 2014



Temperature matters !

Temperature varies in the atmosphere
Water absorption depends on temperature too !



Temperature-pressure Profile  
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Molecules lines list

Chemistry in equilibrium

Which molecules are expected to be abundant ?



Spectral signature of a 
transiting planet

Rp
2/Rs

2

l

Molecule a

Molecule b



Na   in the atmosphere of Hot-Jupiters

0.0232±0.0057%

0.0131±0.0038%

Charbonneau et al., 2002

Hubble-STIS 

589. nm       Wavelength (nm)

First detection of Na !
Confirmed also from the ground
Sing et al., 2008, Snellen et al. 2009, etc



Na   in the atmosphere of Hot-JupitersFirst detection of Na !
Confirmed also from the ground
Sing et al., 2008, Snellen et al. 200

the transmission spectra can be explained by 

the combination of the centre-to-limb variation 

and the Rossiter-McLaughlin effect. 

N. Casasayas-Barris et al., 2021

Rule of thumb, if atomic species or molecules are 
both present in the star and the planet, 
we’d better be cautious….



STIS:   Lya HD 209458b

~9% absorption in the Lya line,
No red/blue shift

Ben-Jaffel, ApJL, 2008

15% absorption in the Lya line

Vidal-Madjar et al., Nature, 2003
Ballester, Sing, Herbert, Nature, 2007



STIS:   Lya HD 209458b

Planetary properties of the upper 
atmosphere

Stellar wind

Koskinen et al., 2010; Yelle, 2003; 
Lecavelier et al., 2003; Lammer..2004, Tian et al. 

2005, 

Koskinen et al., Nature, 2008                       Holmstrom et al., Nature, 2008

Energetic Neutral Atoms around HD 209458b ?
Evaporation ?



CII Transit Measurements 
(Linsky et al. 2010)



SiIII Transit Measurements 
(Linsky et al. 2010)



Phase curves
u Andromeda

Harrington et al.  2006



Day/Night phase curves, COROT-2b, HD190733b

Snellen et al. 2008 Knutson et al. 2007





Tinetti et al., Nature, 2007; Beaulieu et al. 2008 

Water vapor in the hot Jupiter HD189733b



SPITZER 3.6 µm, (channel 1)



We must beat down systematics !



Correcting for pixel phase effects

Morales-Calderon et al., 2006, IRAC handbook

Flux Correction= f(distance to pixel-center)



Estimating systematic trends from the data



Swain, Vasisht, Tinetti, Nature, 2008

HD189733b, Water + Methane

Madhu, Seager 2010



Non simultaneous observations…HD189733b, Water + Methane

NICMOS,
Swain et al., 2008

Beaulieu et al., 2008

Desert et al., 2009
Agol et al., 2008

Knutson et al., 2008

H2O, CH4, CO2 /CO?



Water, CO on HD 189733b occultation obs: Spitzer 

Charbonneau et al., ApJ, 2008; Barman, ApJL, 2008

HD 189733b: water & CO in absorption



HD209458b



We

GJ1214, super-Earth, mini-Neptune ?

9/14/22 The science of EChO – COSPAR

?
GJ1214, super Earth ? Mini Neptunes ? With HST clouds are currently hidding molecules
Need to go further to the IR



Snellen et al., 2010, VLT spectra of HD209458b



- strong wind flowing from the 
irradiated dayside to the non-
irradiated nightside of the planet
within the 0.01-0.1 mbar 
atmospheric pressure range 
probed by these observations.

- CO mixing ratio of 1-3x10-3 in 
the upper atmosphere.



Gravity spectra of 
betapicb, R=500 
and R=70

1) mass ~ brown dwarf
2) low C/O ratio for the planet
suggests a formation through core-
accretion, with strong planetesimal
enrichment.



Analysing exoplanet data, Chef’s cooking recipie

HST Archives IRACLIS code

Tsiaras et al.

TauREX code

Waldmann, Al Refaie
Changeat, Edwards, 
et al 

Computing power

Ariel school 2019



In White light

SOUS-TITRE

𝑛45678 = (1−ra1(t −T0)) (1−rb1e−rb2(t−to))

We fit a transit model x systematics model

Models for systematics

Linear ramp Exponential ramp



In white light

𝑛45678 = (1−ra1(t −T0)) (1−rb1e−rb2(t−to))



White light versus 1.3 microns

White light
Bin at 1.3 microns



Fitter le  bin à 1.3 microns

Bin at 1.3 microns

𝑛9
5678 :;<=>?(@,0A)

BCDEFG(@)
𝐹(𝜆, 𝑡)



Les différentes courbes spectrales

𝑛9
5678 :;<=>?(@,0A)

BCDEFG(@)
𝐹(𝜆, 𝑡)



Aujourd’hui, avec  HST
planet WASP-127b, Skaf et al.  2021 
Ariel School)

1.1-1.7 microns 
H20 dominated spectra





Skaf et al.





Changeat Q., et al. 2022 «Five Key Exoplanet Questions Answered via 
the Analysis of 25 Hot-Jupiter Atmospheres in Eclipse », ApJS





Population study, 
26 planets < 6 Rearth

Gressier, Changeat, Edwards et al. 
2022 submitted





First JWST direct imaging of HIP 65426b, 
NIRCAM+MIRI



Hot saturn WASP-39b
• Orbit a G7 star in 4.05 days
• 0.28 Mjup and 1.28 Rjup
• Temperature 1170 K

Panek et al., 2022 in prep



Hot saturn WASP-39b
Notice the two Spitzer points 3.6 and 4.5 microns



WASP-39b



Hot saturn
WASP-39b

• Orbit a G7 star in 4.05 days
• 0.28 Mjup and 1.28 Rjup
• Temperature 1170 K


