tmospheres and
ST and beyond

a Ducrot, Franck Selsis

Credit: illustration NASA



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

Credit: Lionel Garcia
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Habitable zone

« That region around a star in which an Earth-like planet can maintain liquid water on its surface »
| ' | i Al 3 . Kasting +1993
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Credit: illustration NASA



Transiting exoplanets detected

Planet radius (Rg)
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Transiting exoplanets detected

Planet radius (Rg)
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Exoplanets observed with the JWST
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Planet equilibrium temperature (

All planets with R, < 3 Rg observed with the JWST
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- 50 exoplanets with R, < 3 Rgare
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)



All planets with R, < 3 Rg observed, with data available

1400

E A
A
g1200 A
Q
V o
S A O
© 1000- N @) o
S N
5 @] ®
= 800 - N i O O
E n
= 2] @ [Al ~
= S
= 500- G - o o]
- /A\"A‘ u
U v
5 a
[z A 0O ¢ o Transit
S 400- ‘5' .EEI _
o A o A Eclipse
E:] Phase curve
200 - Data available
2500 3000 3500 4000 4500 5000 5500

Stellar effective temperature [K]

- 50 exoplanets with R, < 3 Rgare
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



Why M-dwarfs stars?

Easier to characterize

Easier to detect rocky planets

More common

the planet **
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*  Pinamonti et al. 2022
* Wunderlitch et al. 2018 10



The JWST opportunity

Triaud +2013 JWST sweet spot
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> 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

LHS 1678 b*® Planet radius [Rg ]
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The big questions

LHS 1678 b*® Planet radius [Rg ]
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Redfield et al. 2024

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 !
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Credit: NASA



TRAPPIST-1

* [/ 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 JIWST

* >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

Credit: NASA
Gillon +2017 15



Example 1, TRAPPIST-1 b:

TRAPPIST-1b: 10 bar Os outgassing atmosphere

s

- s000 ([l 0-0: HO o Al

x ! bie
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— .J. LH p: P h L
£ 7800, h/ |

- | '

e ] AR . .

= ‘ NIRSpec Prism (3 transits) >
c . . r ; : ' : : :
I'_E 1.0 1.5 2.0 2.9 3.0 3.0 4.0 4.5 5.0

Wavelength [pm]
Lustig-Yaeger et al. 2019

Predictions:

e Pre-launch predictions suggested we should

be able to detect CO2 feature on TRAPPIST-1
b in transmission with only a couple of transits

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



Example 1, TRAPPIST-1 b:

3 TRAPPIST-1b: 10 bar O5 outgassing atmosphere Predictions:

= o000l 0,0, H,0

2:;8000 ) : [ . }’A\‘ e Pre-launch predictions suggested we should
5 | \ WK‘M be able to detect CO2 feature on TRAPPIST-1
- ‘*“ Wb b in transmission with only a couple of transits

o . e But this is without accounting for the
.40: | ¢J | l‘\II’RSpec Prismh (3 transits) . impact of stellar contamination

@ 10 15 20 25 30 35 40 45 50 _

2 Wavelength [pm] Reality:

Lustig-Yaeger et al. 2019
J J e Cool stars have heterogeneous photospheres

a | — oo%mo — tooncn, > Do leading the stellar contamination Iin the
P S aorcOg] S Htanelkersioe, S5 Sk , transmission spectra of the planets
ke ‘\ e This creates spectral features that can mimic
= O :
2e o 0 . g . the presence of an atmosphere
= TAVAN" 2mAY > '
- ' e The size, coverage, and spectra of these
. . . . . . . | heterogeneities are unknown and therefore
0.6 0.8 1.0 1D 2.0 2:D 3.0 4.0 5.0

Wavelength [um] very hard to model

Lim et al. 2023



Stellar contamination in transmission

]

Time on 2009-11-03 UTC

Courtesy of Brett Morris
Pinhas et al. 2018

Hot Facula
Photosphere
Cool Spot

Spectral Radiance (Wm—3sr—1)

0.4 0.7 1.0 20 30
Wavelength (zm)



Emission to the rescue:

Ii”) 1 ) Q o
l
/ Star plus planet dayside
Star aly
(sgcondary eclipse) Star plus planet nightside
\ ]
Star partially blocked /

by planet (transit)

A more light detected

v less light detected

Amount of Light

from the star-planet system

Aims:

e Measure secondary eclipse (occultation)

depth to infer the planetary flux
e [easible on rocky temperate planets only with

JWST Mid-IR capabilities
e 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

1 004 Phase folded light curve, planet b, 12.8um 1 004 Phase folded light curve, planet b, 15um
1.003 1.003
1.002 | | | 1.002
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ha . it | i e e Y ‘ 0 B L il ; hid
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"1 | f N p 4
0.998 !f’ 0.998 |
0.997 0.997
—— Dbest joint-fit model binned 10min —— Dbest joint-fit model binned 10min
0.996 phot detrended JWST 0.996 phot detrended JWST
0.46 0.47 OARS 0.49 0.50 0.51 0.52 0.53 0.54 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54
Phase Phase

» 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.



Eclipse depth (ppm)

Thermal emission of TRAPPIST-1 b ®

Best fit bare rock

~ From the joint fit
[-—- Blackbody, Ag = 0.0 A, = 0.19 + 0.08 . of the 10 eclipses
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» How does this compare to bare surface

models and atmospheric models ?



Eclipse depth (ppm)

Thermal emission of TRAPPIST-1 b

Basaltic surface
Ultramafic surface

—— grey surface - —- Blackbody, Ag = 0.0 |

Granitoid surface . From the joint fit
of the 10 eclipses
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Ducrot, Lagage et al. in review
Models from |h et al. 2023
Models atom by Michiel Min
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No haze
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A phase curve is needed to disentangle between these two scenarios



Relative flux
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Rocky Waorlds DDT --- Targets Under Consideration (TUC.) H Ot rO C k S u rvey an d th e {.
e rocky worlds DDT

Concept:
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» Target 15-20 rocky planets, between 200K
o and 600K that span the cosmic shoreline
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atmospheres

e el ~ » Detect planetary flux in emission at 15 um

I 8 9 10

Escape velocity (kms) » Distinguish between full versus zero heat
redistribution at 50 confidence

LHS 1478 b
Limitations:

BB T, = 741K, A5 =0.
8B Ty, = 719, Ag = 0.2

* One point on the emission spectrum is not

N> + 10 ogm CO2, 1 bar

b: 100 5 COu 3 enough (see TRAPPIST-1 b’s results)

S'J’: ((_‘L:_; 50% H.0, 1 ban
— T3% CO2 25% H20, 1 bar . .

» We need precise stellar spectrum in the
— 100 % CO;, 10 ber

— WS s mid-IR as input to any surface and
atmospheric models
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Wavelength [um]

August et al. 2024



What about emission spectroscopy ?

« 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 (Pl: Achrene Dyrek and Pierre-Olivier Lagage)
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Wachirapan et al. 2024



- | Results on temperate Super-Earths and Sub-Neptune




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

—— 100% Fe (0% MgSiO3)
.= 33% Fe (66% MgSiO3)
.= 20% Fe (80% MgSiO3) _
0% Fe (100% MgSiOs3) Aims:
- 50% H>0
- 100% H>0 (300K)

e ook » Measure the relative abundances of the
ji K218 b major molecular species expected

* Provide key insights into the formation and
evolution pathways of exoplanets
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» Size their potential for habitability
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+targets fully within reach of JWST

Planet mass (Mg)



free chemistry 5.60 (x? = 50.08) --+-+  Best-fit from NEMESISPY

fat-ine $ JWST NIRSpec G395H Planet portrait:

A super-Earth around a late M star
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* 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

Transit depth (p

o - Planet maybe had a different formation pathway
Wavelength (um)




LHS 1140 b

Planet portrait:

» A temperate super-Earth around a late M

» Falls within the radius valley

Results:
Gl Comam + Amsphere - Stellar contamination appears to be present
(as expected for such a cool star)

2 2.5

» Flat spectrum Is observed

« Scenario 1: water world, with water clouds
form below the transit photosphere, limiting
their impact on transmission data

(%)
-~
o
o

—
=
L
Q
i -
°
2 5600
0
+
un
c
o
=

Mini-Neptune Water worla P S - 2 . - I
100 solar (x; = 6.29) — Earth-likz (x/ = 1.75) Cena’rIO " al r eSS
-~ 300xs0lar (ys =4.19) —— S bar CO; (y2 =1.75] '
-= 1000xsalar (y? = 2.96)
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Cadieux et al. 2024



K2-18 b NIRISS SOSS
JWST Transmission Spectrum 4+ NIRSpec G395H
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Planet portrait:

Madhusudhan et al. 2023
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



Holmberg & Madhusudhan 2023 T I 2 7 O d
Benneke et al. 2023 -

(%
o
o
o

Pressure [mbar]

=
Q.
=
-
—
Q.
D
Q
- —
w
-
©
—
|_

2.0
Wavelength [um]

Planet portrait:

» A temperate sub-Neptune around a mid M-dwarf star

Results:

» Reveals strong detections of CH4, CO2 and H20, 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 ..

 |_imitations:

» 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)

» Biosignhatures detections are most likely out of reach of JWST, we must wait for ELT, HWO, LIFE
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Second part: open questions on exoplanets
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-~ atmospheres

Credit: Lionel Garcia
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Abstract

The search for habitable environments and biomarkers in exoplanetary atmospheres is the holy grail of exoplanet
science. The detection of atmospheric signatures of habitable Earth-like exoplanets is challenging owing to their
small planct—star sizc contrast and thin atmosphcrcs with high mcan molccular weight. Recently, a new class of
habitable exoplanets, called Hycean worlds, has been proposed, defined as temperate ocean-covered worlds with
H,-rich atmospheres. Their large sizes and extended atmospheres, compared to rocky planets of the same mass,
make Hycean worlds significantly more accessible to atmospheric spectroscopy with JWST. Here we report a
transmission spectrum of the candidate Hycean world K2-18 b, observed with the JWST NIRISS and NIRSpec
instruments in the 0.9-5.2 ym range. The spectrum reveals strong detections of methane (CH,) and carbon dioxide
(CO,) at 50 and 3¢ confidence, respectively, with high volume mixing ratios of ~1% each in a Hj-rich
atmosphere. The abundant CH, and CO,, along with the nondetection of ammonia (NH-), are consistent with
chemical predictions for an ocean under a temperate H,-rich atmosphere on K2-18 b. The spectrum also suggests
potential signs of dimethyl sulfide (DMS), which has been predicted to be an observable biomarker in Hycean
worlds, motivating considerations of possible biological activity on the planet. The detection of CH,4 resolves the
long-standing missing methane problem for temperate exoplanets and the degeneracy in the atmospheric
composition of K2-18 b from previous observations. We discuss possible implications of the findings, open
questions, and future observations to explore this new regime in the search for life elsewhere.

Madhusudhan et al.

<4 NIRISS SOSS
44 NIRSpec G395H

CH,, DMS CO,, DMS

2.0

2.5

3.0 3.5 4.0 4.5 2.0
Wavelength(pm)



THE ASTROPHYSICAL JOURNAL, 918:1 (25pp), 2021 September 1 https://doi.org/10.3847/1538-4357 /abfd9c

®

CrossMark

© 2021. The American Astronomical Society. All rights reserved.

Habitability and Biosignatures of Hycean Worlds

Nikku Madhusudhan ", Anjali A. A. Piette’”, and Savvas Constantinou
Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK; nmadhu@ast.cam.ac.uk

Received 2020 June 26; revised 2021 April 8; accepted 2021 April 28; published 2021 August 26

Abstract

We investigate a new class of habitable planets composed of water-rich interiors with massive oceans underlying
H,-rich atmospheres, referred to here as Hycean worlds. With densities between those of rocky super-Earths and
more extended mini-Neptunes, Hycean planets can be optimal candidates in the search for exoplanetary
habitability and may be abundant in the exoplanet population. We investigate the bulk properties (masses, radii,
and temperatures), potential for habitability, and observable biosignatures of Hycean planets. We show that
Hycean planets can be significantly larger compared to previous considerations for habitable planets, with radii as
large as 2.6 R, (2.3 R, for a mass of 10 M, (5 M,). We construct the Hycean habitable zone (HZ), considering
stellar hosts from late M to Sun-like stars, and find it to be significantly wider than the terrestrial-like HZ. While the
inner boundary of the Hycean HZ corresponds to equilibrium temperatures as high as ~500 K for late M dwarfs,
the outer boundary is unrestricted to arbitrarily large orbital separations. Our investigations include tidally locked
“Dark Hycean” worlds that permit habitable conditions only on their permanent nightsides and “Cold Hycean”
worlds that see negligible irradiation. Finally, we investigate the observability of possible biosignatures in Hycean
atmospheres. We find that a number of trace terrestrial biomarkers that may be expected to be present in Hycean
atmospheres would be readily detectable using modest observing time with the James Webb Space Telescope
(JWST). We identify a sizable sample of nearby potential Hycean planets that can be ideal targets for such
observations in search of exoplanetary biosignatures.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Habitable planets (695); Exoplanet atmospheres (487);
Radiative transfer (1335); Planetary interior (1248); Biosignatures (2018); Transmission spectroscopy (2133)

Madhusudhan et al., 2021
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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.

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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Understanding the
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Search for life on
exoplanets







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



other volatiles
(H20, CO2, CHa,...) ‘
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Interesting targets for HWO/LIFE?

Classical HZ
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Sub-Neptune Systems
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How does atmospheric escape shape
planetary atmospheres ?

Il 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. H20 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)



Loss of water (H>>Q) during the runaway phase
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How does atmospheric escape shape
planetary atmospheres ?
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Runaway greenhouse from Way & Del Genio
2020 (3D model, cold start, slow rotation)

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

Moist greenhouse from Wolf & Toon
2015 (3D model, cold start, fast rotation)

Runaway greenhouse from Leconte et al.
2013 (3D model, cold start, fast rotation)
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Understanding the
nature, formation,
evolution and diversity
of planets/atmospheres

Search for life on
exoplanets

HWO/LIFE could be major contributors



Imaging requires several observations:
- planet vs background object
) - orbital parameters
- coronographic/nulling dead central zone

partial phase curve for free

Tenuous
atmospheres

Airless
planets

flux

orbital phase

Dense
atmospheres

Selsis, 2003, Darwin proposal
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Planet: 1.8 Rearth 10 Mearth - Star: 0.3 Msun - 0.05 AU (P=8 days)
Circular orbit - tidally locked.
Only one atmospheric constituant: CO»
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OPPOSITION WESTERN QUADRATURE CONJUNCTION EASTERN QUADRATURE
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Excellent complementarity of the HWO and LIFE spectral domains

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

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

But can they target the same planets?



What modelers can do to help prepare LIFE/HWO

- Model a variety of planetary atmospheres/surfaces
(atm pressure and composition, host star, orbit)

Talk by Benjamin Charnay

- Produce synthetic spectra/phase curves

- Pass them through instrument models

- Test inversion against numerical ground truth
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TERREY.....
TERRE!...

L 'étoile mystérieuse (The sooting star) Herge 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



