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First part: what can we learn about temperate 
exoplanet atmospheres in the JWST era?

Credit: Lionel Garcia



Habitability factors

Meadows +2018
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Habitable zone 
Kasting +1993

« That region around a star in which an Earth-like planet can maintain liquid water on its surface »


Credit: illustration NASA4



Transiting exoplanets detected

4168/5602 exoplanets detected 
by the transit method*

*source : NASA Exoplanet Archive (July 2024)

Terrestrial exoplanets

5



Transiting exoplanets detected

4168/5602 exoplanets detected 
by the transit method*

*source : NASA Exoplanet Archive (July 2024)

Temperate 
terrestrial exoplanets
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Exoplanets observed with the JWST



• 50 exoplanets with are 
observed with JWST


• Several in transit and eclipse for 
the hot rocky ones


• To study terrestrial exoplanets we 
have to focus on the ones around 
the smallest/coolest stars (late M 
are the best)

Rp < 3 R⊕

All planets with  observed  with the JWSTRp < 3 R⊕



All planets with  observed, with data availableRp < 3 R⊕

• 50 exoplanets with are 
observed with JWST


• Several in transit and eclipse for 
the hot rocky ones


• To study rocky planets we have to 
focus on the ones around the 
smallest/coolest stars (late M are 
the best)


• 113 observations available on 79 
distinct rocky/Super-Earth/Sub-
Neptune planets

Rp < 3 R⊕



Easier to characterize 
the planet **More common Easier to detect rocky planets

N
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Type spectral

+ Rocky planets more frequent*

* Pinamonti et al. 2022 
* Wunderlitch et al. 2018

~0.01% ~1%

Why M-dwarfs stars?

Gillon +2020

HZ HZ
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The JWST opportunity
JWST sweet spotTriaud +2013

‣ Any planet found in the HZ one of these cool stars becomes a prime target for 
characterization with the James Webb space telescope (JWST)



The big questions

Redfield et al. 2024

The cosmic shoreline: empirical boundary that 
distinguishes planets likely to retain an atmosphere 
from those that are not based on their atmospheric 
escape velocities (~gravity) and insolation


Concept presented in Zahle & Catling 2017


* does not account for the fact that planet orbiting 
M-dwarf stars have different inherent properties



The big questions
1. Is the concept of the cosmic shoreline real?


2. The environments of M-dwarf stars are very 
different… Can rocky planets around them keep 
an atmosphere? 


3. If they kept an atmosphere ? What is it made of ? 


4. If they did not, what can we learn about their 
surface composition ? 


5. What are temperate super-Earths and Sub-
Neptunes made of ? How could this explain the 
Fulton gap ?


Thanks to JWST it is now possible to address these 
questions observationally for the first time !

Redfield et al. 2024



Results on Earth-sized rocky planets

Credit: NASA



• 7 planets with masses, radii, insolation similar to the terrestrial planets in the solar system

• Coolest host star known to date -> the best temperate rocky targets for JWST

TRAPPIST-1

Credit: NASA 
Gillon +2017 15

• >240 peer reviewed papers in only 7 years

• 11 JWST programs in transmission, emission and phase curve 

• ~300 hr of JWST time on the TRAPPIST-1 planets acquired or planned



Example 1, TRAPPIST-1 b:

Lustig-Yaeger et al. 2019

Predictions:

● Pre-launch predictions suggested we should
be able to detect CO2 feature on TRAPPIST-1
b in transmission with only a couple of transits

● But this is without accounting for the
impact of stellar contamination



Example 1, TRAPPIST-1 b:

Lustig-Yaeger et al. 2019

Lim et al. 2023

Predictions:

● Pre-launch predictions suggested we should
be able to detect CO2 feature on TRAPPIST-1
b in transmission with only a couple of transits

● But this is without accounting for the
impact of stellar contamination

Reality:

● Cool stars have heterogeneous photospheres
leading the stellar contamination in the
transmission spectra of the planets

● This creates spectral features that can mimic
the presence of an atmosphere

● The size, coverage, and spectra of these
heterogeneities are unknown and therefore
very hard to model



Rackham et al. 2018

Stellar contamination in transmission

Pinhas et al. 2018
Courtesy of Brett Morris



Emission to the rescue: 
Aims:

● Measure secondary eclipse (occultation)
depth to infer the planetary flux

● Feasible on rocky temperate planets only with
JWST Mid-IR capabilities

● Measure the flux in various broadband filters
to infer if an atmosphere is present or not

On TRAPPIST-1 planets:

● Only b and c so far because warm enough
● 5 visits at 12.8 microns
● 5 visits at 15 microns
● A double phase curve of b+c



TRAPPIST-1 b, observations with the JWST 

‣ Proceeded to a joint fit of the 10 eclipses to better constrain the orbital parameters of the planet 
‣ The occultation at 12.8 microns and 15 microns are detected as planned but we see the 

opposite of a CO2 absorption: larger depth at 15 microns than at 12.8 microns.
20
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Thermal emission of TRAPPIST-1 b

‣ How does this compare to bare surface 
models and atmospheric models ?
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Ducrot, Lagage et al. in review 
Models from Ih et al. 2023 

Models atom by Michiel Min

Thermal emission of TRAPPIST-1 b

CO2

9A phase curve is needed to disentangle between these two scenarios



Double phase curve of TRAPPIST-1 b and c 

9 Gillon, Ducrot, et al.  in review

!
Transit g

Transit b

Eclipse b 
Eclipse c

Transit c
Transit b



Hot rock survey and the 
rocky worlds DDT

LHS 1478 b

Concept: 
• Target 15-20 rocky planets, between 200K 

and 600K that span the cosmic shoreline

• Detect planetary flux in emission at 15 

• Distinguish between full versus zero heat 

redistribution at 5σ confidence


Limitations: 
• One point on the emission spectrum is not 

enough (see TRAPPIST-1 b’s results)

• We need precise stellar spectrum in the 

mid-IR as input to any surface and 
atmospheric models

μm

August et al. 2024



What about emission spectroscopy ?

LHS 1478 b

Wachirapan et al. 2024

• MIRI LRS can be used in emission

• For very hot terrestrial planets like LHS-3844 b it works but it’s very complicated for temperate planets 

(example with LTT 1478 b with Teq = 431 K below)

• Maybe next cycle thanks to the GO program 6219 (PI: Achrène Dyrek and Pierre-Olivier Lagage)



Results on temperate Super-Earths and Sub-Neptune



JWST allows to look at a large diversity of 
super-Earths and sub-Neptunes

Aims: 

• Measure the relative abundances of the 
major molecular species expected


• Provide key insights into the formation and 
evolution pathways of exoplanets


• Size their potential for habitability 


+targets fully within reach of JWST



L 98-59 b
Planet portrait: 

• A super-Earth around a late M star

• Located at the limit between rocky / gas-rich


Results: 
• Hint a sulfur-rich atmosphere with hydrogen and 

helium as background gases 

• Stellar contamination origin rejected

• Multiple origin possible for sulfur: photochemistry, 

out-gassing, volcanism, interaction between the 
atmosphere and the rocky surface etc


• Planet maybe had a different formation pathway


30
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LHS 1140 b 

Cadieux et al. 2024

Planet portrait: 
• A temperate super-Earth around a late M

• Falls within the radius valley


Results: 
• Stellar contamination appears to be present 

(as expected for such a cool star)

• Flat spectrum is observed

• Scenario 1: water world, with water clouds 

form below the transit photosphere, limiting 
their impact on transmission data


• Scenario 2: airless

• Scenario 1 favours by the very low density of 

the planet



K2-18 b

Madhusudhan et al. 2023Planet portrait: 
• A habitable-zone sub-Neptune around a mid M-dwarfs star


Results: 
• Strong detections of methane (CH4) and carbon dioxide (CO2) , no NH3 (authors explained by an Hycean world scenario).

• Authors proposed Hycean world but experts in interiors advocate for a magma ocean + H/He atmosphere (credible with 

current observations + appears to be more feasible), see Shorttle et al. 2024 
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TOI-270 dBenneke et al. 2023
Holmberg & Madhusudhan 2023

Planet portrait: 
• A temperate sub-Neptune around a mid M-dwarf star


Results: 
• Reveals strong detections of CH4, CO2 and H2O, high mean molecular weight, suggested signs of CS2

• Propose a new classification: miscible-envelope sub-Neptune, a mix of H2/He with the high-molecular-

weight volatiles in a miscible supercritical metal-rich envelope



Conclusions
• JWST can probe the atmosphere of terrestrial worlds and habitable-zone worlds for the first time 

BUT only around cool stars. And it’s not easy .. 

• Limitations: 

• Stellar contamination: Transmission spectra of planets around cool stars are polluted by stellar 

activity.

• Emission observations: Observations in emission are challenging and limited in wavelength 

coverage.

• M-stars environnement are very different from sun-like stars


• Yet, JWST delivers groundbreaking results on another population, exquisite observations of 
temperate Sup-Neptunes and some Super-Earth with clear detection of key molecules. 


• We are in an « observationally driven » phase: observations will help us educate and refine our 
models (formation, evolution, atmosphere, surface, etc)


• Biosignatures detections are most likely out of reach of JWST, we must wait for ELT, HWO, LIFE 
34



Second part: open questions on exoplanets 
atmospheres

Credit: Lionel Garcia
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Madhusudhan et al., 2021



Madhusudhan et al., 2021

- among biomarkers to look 
for : DMS, diméthyl sufite



Leconte et al. (2024)

In order to keep a model of K2-18b cool enough to allow surface liquid water, 
one must considerably enhance the reflexion and stratospheric absobtion of stellar light.  

Leconte, J., et al.: A&A, 686, A131 (2024)

thermal gradient is much less steep in our model compared to
a fully radiative zone, which weakens the greenhouse effect of
the stable layer. We verified this by rerunning this case with a
much weaker turbulent transport and find that it indeed enters
a runaway greenhouse phase. Further comparison is, however,
difficult as the model currently relies on turbulence to transport
water vapor in non-convective zones; removing it would cause
the stable layer to become entirely unsaturated. But this shows
that accounting correctly for the dynamics of the atmosphere is
important to derive quantitative limits.

However, the limits we find are much more stringent than
the ones found by Madhusudhan et al. (2021). For an M star
like K2-18, they find that the maximum equilibrium tempera-
ture (that is corrected for the Bond albedo) to keep a liquid
surface ocean is ⇡410 K – which corresponds to a planet aver-
aged absorbed/thermally emitted flux of ⇡1300 W m�2. This is
to be compared to our limit for the 1 bar case, which is esti-
mated to be ⇡230 K (150 W m�2). To put this into context,
the current equilibrium temperature of the Earth is ⇡255 K
(240 W m�2), and recent estimates of the runaway greenhouse
limit for Earth-like planets yield estimates between ⇡260 and
270 K (270–300 W m�2), depending on the treatment of contin-
uum opacities, clouds, and atmospheric dynamics (Kopparapu
et al. 2013; Leconte et al. 2013; Yang et al. 2016). The fact that
the limit for hydrogen-dominated atmospheres occurs at lower
fluxes is due to the increased greenhouse effect of H2 compared
to N2, and has been extensively studied (Koll & Cronin 2019;
Chaverot et al. 2022; Innes et al. 2023).

The reason that Madhusudhan et al. (2021) find such high
limits is less clear. It seems to be due to their use of an ad
hoc – and rather extreme – approximation to treat aerosols:
they assume that aerosols can be arbitrarily efficient scatter-
ers and model them by multiplying the Rayleigh scattering
coefficient of H2 by an arbitrarily large factor until the atmo-
spheric Bond albedo reaches the desired value. In addition to
increasing the albedo, this causes the stellar radiation to be scat-
tered many times in the stratosphere, which, counterintuitively,
enhances absorption there. Around redder stars, this results in
stratospheres that are as hot, if not hotter, than the surface,
which effectively suppresses the greenhouse effect of all the
atmospheric gases.

However, as we will see in the next section, the presence of
such reflective haze particles in the stratosphere is contradicted
by observational data.

6.2. Constraints on aerosols

In this section, we make an attempt at better quantifying the lim-
its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a sufficient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an effective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of
K2-18 b produced with the fiducial methane and carbon diox-
ide mixing ratios of 10�2 ppmv found by Madhusudhan et al.
(2023), half the flux is absorbed above the 100 mb level, which
is still higher than the tropopause. So no scattering happen-
ing below this level, however intense, could increase the albedo

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of K2-
18 b with hazes parametrized through the nhaze factor (see the main text).
One can see that when the amount of haze increases, the amount of
reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.

above 0.5 (and that does not even account for the fact that scat-
tered light would have to cross the stratosphere a second time to
escape). This is well illustrated by the 3D global climate models
from Charnay et al. (2021) who found that the albedos of their
models for K2-18 b barely exceed 0.12 even when thick dayside
tropospheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in princi-
ple because it is able to scatter incoming stellar light high in
the stratosphere, before it is efficiently absorbed. However, it
is easy to see that such a reflective haze should also strongly
affect (e.g., flatten) the transit spectrum of the planet in the vis-
ible and near-infrared, whereas the recent JWST spectrum of
Madhusudhan et al. (2023) shows relatively deep methane
absorption features with an amplitude in excess of 100 ppm
between 1 and 1.5 micron. To quantify this effect, we com-
puted eclipse and transmission spectra of the fiducial model of
K2-18 b discussed above, adding haze scattering following the
parametrized approach of Madhusudhan et al. (2021). In this
approach, the amount of haze is encompassed in a so-called
haze factor (nhaze), which is used to multiply the cross section
of Rayleigh scattering of H2. We note that nhaze = 1 corresponds
to the fiducial clear atmosphere model.

The resulting spectra are shown in Fig. 8, where we see that
the amount of reflected light increases with nhaze, as expected.
The corresponding albedo can be seen in Fig. 9, with A = 0.03
for the clear case and A = 0.72 for nhaze = 105. However, we
see in the bottom panel of Fig. 8 that the increased scattering
also mechanically suppresses the molecular methane features

A131, page 12 of 15

cooling level of scatterers

no scatterers

In Madhusudhan et al (2021, 2023), this is done by adding large amounts (Rayleigh) scattering particles. 
But these ad-hoc scatterers are no longer included in the spectral retrievel, as they would erase the observed features.
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exoplanets

Understanding the 
nature, formation, 

evolution and diversity 
of planets/atmospheres





Volatile delivery by pebbles, planetesimals, embryos, gas from the disc? 



other volatiles 
(H2O, CO2, CH4,…)H2/He
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Interesting targets for HWO/LIFE? 
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Figure 2: A possible growth history for the Trappist-1 planets compared with constraints

for Solar System objects. Characteristic growth timescales for Vesta, Mars and Earth (and for
the Moon-forming impact) come from analyses of different radioactive systems.6, 7, 16 After the
dispersal of the gaseous disk, Earth’s growth was likely characterized by giant impacts15 (including

the Moon-forming impact), which are not reflected in the Hf-W and U-Pb model curves.6 We used
a simulation by Izidoro et al9 that formed a close-in, long-term stable multi-resonant chain of

planets. The growth curves of seven planets with masses between 0.4 and 1.5 M⊕ – characterized
by an early phase of pebble accretion followed by giant impacts – are included as analogs for the
accretion of the Trappist-1 planets (see Methods Section 9). Each planet’s growth curve is shown

in a shade of blue, with darker colors representing more distant orbits. While this is only one
illustrative example among many,20, 21 the Trappist-1 system’s growth must have completed by the
end of the gaseous disk phase, whose duration is constrained by observations of the occurrence

rate of hot dust around stars in clusters of different ages.84
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Trappist-1 system fast formation within a disk

Raymond et al., 2022



Bean et al., 2022
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How does atmospheric escape shape 
planetary atmospheres ?

!! Robust models still TBD !! 
Current models provide upper limit. 

- hydrodynamics vs out-of-equilibrium kinetics 
- 3D process (1D forces escape) 
- wavelength-dependency of the stellar input 
- photochemistry (e.g. H2O recombination) 
- distribution of volatiles within the interior, between the interior and the surface, 

outgassing history 

-    non-thermal escape (interaction with stellar wind) : no consistent models yet 
(ionosphere-induced magnetosphere)



10-100s bar of residual O2   
can build up in HZ planets !

Loss of water (H>>O) during the runaway phase

Bolmont et al., 2016 - Bourrier et al., 2017



Earth’s first 100 Myrs 

~ 10-100 giant impacts with magma ocean 
and steam atmosphere 
Marcq et al. (2017) 

~ Maximum stellar activity 
Ribas et al. (2005) 

~ no isotopic signature of selective escape 
D/H, N14/N15, noble gases, except maybe 
Xe ! Marty et al. (2017) 

How does atmospheric escape shape 
planetary atmospheres ?



Forget & Leconte 2015



Turbet, M., et al.: A&A, 679, A126 (2023)

Fig. 8. Various inner edge boundaries of the habitable zone (HZ) for different types of stars, based on the results of 1D calculations (Kopparapu et al.
2013) and 3D calculations for slow (Kopparapu et al. 2017; Way & Del Genio 2020) and fast rotators (Leconte et al. 2013a; Wolf & Toon 2015). The
black solid and dashed lines were calculated based on 1D climate calculations, for the runaway greenhouse effect and the moist greenhouse effect,
respectively (Kopparapu et al. 2013). The gray solid and dashed lines were calculated based on 3D climate calculations of tidally locked planets, for
the runaway greenhouse effect and the moist greenhouse effect, respectively (Kopparapu et al. 2017). The red bold line (and red brackets) indicates
the newly calculated water condensation limit. All the currently known planets and exoplanets (with a mass  5 M� and/or a radius  1.6 R�) in
or near the inner boundary of the HZ are shown (black squares). Also shown (gray brackets) are the incoming stellar radiation (ISR) they received
at the ZAMS based on their age estimates, using the grid of stellar models of Baraffe et al. (2015). The water condensation limit (red bold line)
should be compared with the ISR that planets received at the ZAMS (gray brackets).

absence of dayside clouds makes the atmosphere behave as if
it were cloud-free from the point of view of shortwave heating.
There is also a significant impact of the greenhouse effect of
nightside clouds, and of the temporal evolution of stellar lumi-
nosity, which both quantitatively affect the water condensation
limit (e.g., compared to Kopparapu et al. 2013).

An important point to note is that the question of the ability
of planets to condense their primordial atmospheric water vapor
reservoir is in fact even more constraining for planets orbiting
M stars (than Sun-like stars) since the level of ISR they receive
is much higher during their PMS, which can last up to 1 Gyr
(Baraffe et al. 2015) for the lowest mass stars. To evaluate the
ability of a planet to condense its primordial water reservoir,
the water condensation limit should be compared to the mini-
mum ISR received by the planet over the course of its evolution
(in general, at the beginning of the main sequence phase, also
known as the ZAMS), and not to its currently observed ISR. As
a consequence, unlike planets orbiting solar stars, planets around
M stars cannot benefit from a lower ISR period at the begin-
ning of their evolution (Turbet et al. 2021) favorable for water
condensation. This is clearly seen in Fig. 10 by looking at the
difference between the water condensation limit at the ZAMS
(dashed black lines) and the water condensation limit at several
ages (solid colored lines).

3.5. Application to TRAPPIST-1 planets and their
observability with JWST

3.5.1. Water condensation and clouds

We extended our GCM simulations of H2O-rich atmospheres
to known exoplanets, in particular to TRAPPIST-1 planets (see
Table A.1 for a detailed list). Figure 11 shows the cloud distri-
bution, bond albedo, and OTR for TRAPPIST-1 inner planets
(based on the stellar and planet properties provided in Agol
et al. 2021, following Mann et al. 2019 and Ducrot et al. 2020).
Again, clouds are located mostly on the nightside, high in the
atmosphere. It is clearly visible that the cloud horizontal exten-
sion reduces with increasing ISR. The extension of clouds has
impacts on the observables, in particular transit spectra, which
we discuss in the following subsections.

For the three TRAPPIST-1 inner planets, in none of the cases
that we have explored is the water vapor able to condense on the
surface, and thus to form oceans. TRAPPIST-1d, which lies very
close to the runaway greenhouse limit (and could be either in or
out, depending on subtle cloud feedbacks; see Wolf 2017; Turbet
et al. 2018), is unable to reach runaway water condensation and
should thus lie outside the HZ. Simulations of TRAPPIST-1e
(and Proxima b, for which we also performed a simulation as
it is a prime target for the JWST and the ELTs) systematically

A126, page 12 of 36



Search for life on 
exoplanets

Understanding the 
nature, formation, 

evolution and diversity 
of planets/atmospheres

HWO/LIFE could be major contributors 



☆
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Vis

Tenuous 
atmospheres

Selsis, 2003, Darwin proposal

Imaging requires several observations: 
- planet vs background object 
- orbital parameters 
- coronographic/nulling dead central zone 
 
partial phase curve for free
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Selsis, Wordsworth, Forget., 2011

Planet: 1.8 REarth ,10  MEarth - Star: 0.3 MSun - 0.05 AU (P=8 days)
Circular orbit - tidally locked.
Only one atmospheric constituant: CO2



Gomez-Leal et al., ApJ, 2012



Excellent complementarity of the HWO and LIFE spectral domains 

UV-Vis-NIR (HWO) & Thermal IR (LIFE)

But can they target the same planets?

spectroscopy on a broad domain 
(more molecules, more features of a same molecule)


 
comprehensive radiative budget


 
climate /thermal IR phase curves  

vs 
reflectivity of clouds, ice, liquid water (glint) / UV/vis/NIR



☆

What modelers can do to help prepare LIFE/HWO

- Model a variety of planetary atmospheres/surfaces 
(atm pressure and composition, host star, orbit) 
 
- Produce synthetic spectra/phase curves


- Pass them through instrument models  
 
- Test inversion against numerical ground truth

Talk by Benjamin Charnay
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L’étoile mystérieuse (The sooting star) Hergé 1946 

Are we alone in the Universe? We don’t care.  
 
The real question is: 
Is the Universe so crowded with life(*) that we can find it on a nearby exoplanet? 
For instance : 1000 inhabited planets /galaxy is not enough (but that is REALLY not being alone). 

(*) life that changed its planet in an observable way


