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How do planetary atmospheres form? 

How do low-mass exoplanets evolve? 

Do sub-Neptunes have sharp 
surfaces?
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James Webb 
Space Telescope

Which planet are 
magma worlds? 

How do interiors 
shape atmospheres 

and vice versa?

Lichtenberg, Shorttle, Teske, Kempton 25 Science
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Water 
world

Gas dwarf

Globally 
supercritical

Possible sub-Neptune interior regimes

James Webb 
Space Telescope

Lichtenberg, Shorttle, 
Teske, Kempton 25 Science
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Possible super-Earth crystallisation regimes
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C
H

N

S
Outgassed atmosphere 

partial pressure (bar)

~sub-
Neptune ~terrestrialOxidation state ~ interior geochemistry

Nicholls, Pierrehumbert, Lichtenberg, Soucasse, Smeets 25 MNRAS
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Lava world atmospheres are fed from interior

Harrison 
Nicholls
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Lichtenberg & Miguel 25 Treatise on Geochemistry
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Lichtenberg, Shorttle, Teske, Kempton 25 Science
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EoS phase coverage affect evolution models

Attia, Lichtenberg, Jungova, Sastre in prep.

Mara 
Attia
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Postolec, Lichtenberg, Soucasse, Nicholls, van der Tak 2026 submitted

Emma 
Postolec

Atmospheric energy transport one 
determinant for MO freeze-out
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Link between volatile-rich super-Earths 
& sub-Neptunes: L 98-59 d

Banerjee+24, Gressier+24 (JWST)

+ H2S detection from the ground, IGRINS/Gemini South (Cheverall+26 MNRAS)
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Nicholls, Lichtenberg, Guimond, Chatterjee, Postolec, Pierrehumbert 26 Nature Astronomy

Present-day super-Earth L 98-59 d was born as 
volatile-rich transition planet

Harrison 
Nicholls

Claire 
Guimond

Emma 
Postolec

(not a gas dwarf, not a water world)
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Nicholls, Lichtenberg, Guimond, Chatterjee, Postolec, Pierrehumbert 26 Nature Astronomy

Present-day super-Earth L 98-59 d was born as 
sulfur-rich transition planet

Harrison 
Nicholls

Claire 
Guimond

Emma 
Postolec

(not a gas dwarf, not a water world)

Active photochemistry 
in super-Earth-sized 

exoplanet, fed by 
volatile-rich & reduced 

magma ocean
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Present-day super-Earth L 98-59 d was born as 
sulfur-rich transition planet

Active photochemistry 
in super-Earth-sized 

exoplanet, fed by 
volatile-rich & reduced 

magma ocean

(not a gas dwarf, not a water world)

Nicholls, Lichtenberg, Guimond, Chatterjee, Postolec, Pierrehumbert 26 Nature Astronomy
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Early-career researchers in 
TOI-561 b JWST/NIRSpec Team

Raymond 
Pierrehumbert

Anjali 
Piette

PI:  
Johanna 

Teske

Lisa 
Dang

Teske+ 2025 ApJL

Diana 
Valencia

Tim 
Lichtenberg

TOI-561 b NIRSpec emission spectrum

Ultra-hot super-Earth TOI-561 b 
hosts secondary atmosphere
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Teske+ 2025 ApJL

Ultra-hot super-Earth TOI-561 b 
hosts secondary atmosphere
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TOI-561 b & 55 Cnc e falsify the 
“cosmic shoreline” hypothesis

Teske+ 2025 ApJL
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Water 
world

Gas dwarf

Globally 
supercritical

Possible sub-Neptune interior regimes

James Webb 
Space Telescope

Lichtenberg, Shorttle, 
Teske, Kempton 25 Science
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Magma-Atmosphere Interaction during Formation

- How does the magma-gas interaction 
affect the envelope formation process? 

- How do formation parameters impact on  
the final properties of super-Earth/sub-
Neptunes?

Self-consistently calculate planet growth,  
envelope formation, water enrichment, 

partitioning & escape

Slide by Tadahiro KimuraKimura & Lichtenberg 26 ApJ

24
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Enriched layer is equilibrated with magma  
until O in magma is exhausted

Time

isolation
Mcore = Miso

RCB

disk 
dissipation

Slide by Tadahiro KimuraKimura & Lichtenberg 26 ApJ

Enrichment & Partitioning Model Escape models from 
Yoshida & Guides 2025

25
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Effects of initial atmospheric XH2O on final XH2O

26

• Oxygen in magma is exhausted  
during the evolution


• Final composition hardly depends  
on the initial state 

• It is hard to keep the envelope 
highly enriched with water

is
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Miso = 3M⊕, fO,react = 0.1

Slide by Tadahiro KimuraKimura & Lichtenberg 26 ApJ

26
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Effects of planet mass on final XH2O

27

XH2O,eq = 0.5, fO,react = 0.1
• Larger planet has smaller XH2O 

due to more efficient gas accretion 
 
 

• Only Earth-like-mass planet can  
keep highly-enriched state

Mwater ∝ Mcore
Menv ∝ M3−4

core

Kimura & Lichtenberg 26 ApJ

27

Slide by Tadahiro Kimura
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Planet mass and final XH2O

28

Oxygen exhaustion 
occurs quite commonly 

fO,react = 0.1

Slide by Tadahiro Kimura

• Resultant envelope composition 
strongly reflects the planetary 
mass at the time of disk dispersal  
→ a key to link the observed data to 
planet formation 

• sub-Neptunes formed in-situ have 
much lower envelope metallicity 
than those migrated from outside 
region

Kimura & Lichtenberg 26 ApJ

28
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Lichtenberg, Schaefer, 
Najakjima, Fischer 23 PPVII
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Sastre, Lichtenberg, Soucasse, Bower, Nicholls, Kamp 2026 A&A (subm.)  
Postolec, Lichtenberg, Soucasse, Nicholls, van der Tak 2026 A&A (subm.)  
Calder, Shorttle, Nicholls, Lichtenberg, Guimond 2026 MNRAS (in rev.) 
Nicholls, Lichtenberg, Chatterjee, Guimond, Postolec, Pierrehumbert 2026 NatAstron 
van Dijk, Nicholls, Lichtenberg 2026 PSJ 
Nicholls, Guimond, Hay, Chatterjee, Lichtenberg, Pierrehumbert 2025 MNRAS 
Nicholls, Pierrehumbert, Lichtenberg, Soucasse, Smeets 2025 MNRAS 
Nicholls, Lichtenberg, Bower, Pierrehumbert 2024 JGRP 
Lichtenberg, Bower, Hammond, Boukrouche, Sanan, Tsai, Pierrehumbert 2021 JGRP proteus-framework.org

Current developers, randomised order
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Compositions can be highly diverse
31

Nicholls+ 2024

Maurice+ 24
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Evolution hysteresis (e.g. Venus):  
start molten or non-molten gives different results

32

Chaverot+ 22, Selsis+ 23; Cmiel+ 25 Nicholls+ 24, 25a,b,c; Boer+ 25
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• 25 in-person participants 

• Mix of plenum (hybrid) + (in-person) breakout discussions 

• Goal: write protocol draft in 5 days 😅 

• Followed by implementation roadmap w/ regular virtual, 
leading to intercomparison paper(s) 

• Admin team: TL, Laura Schaefer, Josh Krissansen-
Totton, Yamila Miguel, Denis Sergeev

https://nexss.info/cuisines
github.com/projectcuisines/chili
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proteus-framework.org

github.com/projectcuisines/chili
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• 1 protocol paper: defines the 
mechanics & tests 

• 1 paper on Earth/Venus evolution 

• 1 paper on TRAPPIST-1 exoplanets 

• 1 paper on “static model” spectra

CHILI Protocol
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CHILI Team 2025-2026 (Lichtenberg+ 2026 PSJ in press; Nicholls+ 2026 in prep.; CHILI papers 3 & 4 in prep.)
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CHILI Team 2025-2026 (Lichtenberg+ 2026 PSJ in press; Nicholls+ 2026 in prep.; CHILI papers 3 & 4 in prep.)
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CHILI Team 2025-2026 (Lichtenberg+ 2026 PSJ in press; Nicholls+ 2026 in prep.; CHILI papers 3 & 4 in prep.)
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github.com/projectcuisines/chili

1. Atmospheric & interior properties are co-
evolving and defined by continuous feedback 

2. Coupled models agree strongly on some 
features (e.g., rapid crystallisation of Earth in 
the absence of tides), but disagree on others 
(e.g., crystallisation time at increasing 
irradiation) -> digging deeper into causes 

3. Next inter-comparison steps for coupled model 
should be larger planets: super-Earths/sub-
Neptunes, where feedback effects compound


