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Planets are born from

Secular

geodynamic cycling \’/> Scaled planet radius
evolution

Geochemical Secular, Planetesimal
) stage

~10° yr
~10%-10° yr

Y e
N
Late accretion /A / —7

> 1Ssing
o

Inner core Metal rainout

nucleation )
Secondary Primordial

atmosphere Exsolution atmosphere
dynamo

Global Nebular

i} Ingassin
Cor_e. maptle magma ocean g g
equilibration

\

Interior-atmosphere

equilibration 107
~106-108 yr "
‘ Proto-core * mpact
Magma ocean Mantle b ~.meling  Gijant |
Crygtallization N S oxidation merging > - Giant |pmhpaascet
mospheric mospheric
Lichtenberg, Schaefer, escape * erosion ‘

Najakjima, Fischer 23 PPVII
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I Secular

: Geochemical
geody_namlc cycling \’x/\ ----- Scaled planet rac
. evolution =
/T
~10°-10 yr ( / ----- Proto-mantl
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Late accretion
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Inner core

nucleation
Secondary /

atmosphere

Exsolution
dynamo

nterior-atmosphere
equilibration
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Whlch planet are O . e | secur
magma worlds’? ‘
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Possible sub-Neptune interior regimes

- James Webb
- Space Telescope

© Water & Globally -
~ world - & supercritical -

-
i
.
|'
]
1

j, Shorttle,
oton 25 Science
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~OssIDle super-Eartn crystallisation regimes

Atmosphere

Super‘ Earth Core
geopnysics

Core

Lichtenberg & Miguel 25 Treatise on Geochemistry



| ava world atmospheres are fed from interior
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Possible super-Earth crystallisation regimes

' A:’;S:"",.h K, AR - - TN eeR i  a
- - R i Sy~ AL W RIS Sl e Lo Syt Y
- 5 TR P e G T PR s o A
A Y Ry s R gy o ’-“s.ﬁf‘"..»&;; A
P J(,_.z—r_/ - Mo Tt P — SN R
Pt X Ry PRt B "
R :
S = g
o

Entrained O
metal

Segregated

core Super-Earth
geochemistry

Lichtenberg 21 ApJL
Lichtenberg & Miguel 25 Treatise on Geochemistry



Composition4 (S
[ density[ o AR SocK
\O esc:'ape volcanic
T degaSS|‘ngf

high density
silicate-metal

Exosphere | sputtering
““. -_‘ ./'-\.‘
‘._dEDOEItIOH

So
.
""""
......
€
L

(E) Lava world

escape
A

escape s A

Exosphere |  sputtering
silicate vapour | ) ™, G

So
.
L
. )
......
- o ®

degaissing

Earth-like

silicate-metal |-

+ atmosphere

low density
sillicate-metal
+ H,O envelope

- Magma
Lithosphere ’b{_
lid — melt
stagnant lid 1/”;\ ,\n)\L_ Mantle :gulilibr;?ign
turnover & e
} Xy g metal-silicate >
Mantle melting A& Metal core equilibration?
: C) Transciritical
A) Temperate B) Venus-like (
( ) P ( ) magma ocean
H escape A A " A .
volcanic %
degassing. i i CcO, B
~ i atmosphere sc-fluld—atm
Atmosphere | ;i _ \yater., bry CO, volcanic ° exchange
exchange atmosphere degassing : .
gas-fock b Miscible
[eadlion deposition region
Water water—rock {
reaction| Magma
HHEEEEE Lithosphere ; .
stagnant 1 solid—melt
A ’ turnover ? LSS equilibration
: Mantle L/) - metal-silicate >
duction melting Metal core equilibration?
Q\P Q\L_
Ol
N N ags
(F) Waterworlds R (G) Supercritical
&(”é &‘90« H escape magma ocean
temperate warm A A A R A
Atmo- | in layer convection in layer convection :
sphere S o Atmosphere
N A
Liquid| i v super-critical Miscible: MLl
Hrresrnnast . fluid super-critical fluid 5
High-p gf & molten silicate B
ice gf > silicate-rich
o
: \ 8
equilibration O
Mantle ' & e
metal — silicate »
SIS et equilibration? .\\Q
<

low irradation

Dayside irradiation

high irradation

Energy transport

regimes ot low-
Mass exoplanets

Lichtenberg, Shorttle, Teske, Kempton 25 Science



EoS phase coverage affect evolution models

Layers of Understanding 2026
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MgSiOs: 100% below 1% (median = 3.5 x 1078)

Attia, Lichtenberg, Jungova, Sastre in prep.

Source: https://github.com/maraattia/PALEOS
EoS tables: https://zenodo.org/records/19000316
Mass-radius tables: https://zenodo.org/records/19221215
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Atmospheric energy transport one
determinant for MO freeze-out
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| Ink between volatile-rich super-Earths
& sub-Neptunes: L 98-89 ©
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15Present-day super-Earth L 98-59 d was born as
volatile-rich transition planet

Initial H inventory, mantle ppmw
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Nicholls, Lichtenberg, Guimond, Chatterjee, Postolec, Pierrehumbert 26 Nature Astronomy



16Present-day super-Earth L 98-59 d was born as
sulfur-rich transition planet
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Nicholls, Lichtenberg, Guimond, Chatterjee, Postolec, Pierrehumbert 26 Nature Astronomy



WPresent-day super-Earth L 98-59 d was born as
sulfur-rich transition planet
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Ultra-hot super-Earth TOI-561 b
NOSts secondary atmosphere

100% Rock vapor  TOI-561 b NIRSpec emission spectrum _
100% H->O e Dang Pierrehumbert
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10I-561 b & 55 Cnc e falsify the
‘cosmic shoreline” hypothesis

TOI-561 b @ K2-141b
A
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Possible sub-Neptune interior regimes

" Gasdwarf

James Webb
Space Telescope

‘Globally
supercritical -

J, Shorttle,
oton 25 Science
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Evolving composition

Volatile production in the interior

With and without Fe involvement:

(Mg, ,Feo1),Si0, + 0.8Fe +2.2H, > FeSi + 1.8MgO + 2.2H,0.

4.00

Mg, SiO, +4H, > SiH, + 2MgO + 2H,0.

Horn et al. 2025 3.76

3.28

3.04

log pressure (GPa)

FeO+H,=Fe+H,0
Miozzi et al. 2025 2.56

4.32

2.08

0 2 - 6 8 10
time (Gyr)

Water production found in lab is much more than the eqg. chemistry levels
Convection near the core is not always suppressed by the Z gradients

From Formation to Observation: Thermal and Structural Evolution of Planetary Interiors

log T (K)

— |nitial
— 100 Myr

4| 4,500 K - 4,000 K

0 0.5 10 0

Z (mass fraction) Z (mass fraction)

b

0.5

Cooling

Horn, Vazan, et al. 2025, Nature

1.0

5Me, 5% H/He

- 3,500 K

0 0.5
Z (mass fraction)

A. Vazan
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Evolving composition
Work In progress

SR GG

vapour-mixed layer (H2+H20)

reactive M.ix = My, mix + My,0,mix
region

reactive magma
M + MHZO.

mag,react mag

iInert magma
Mmag.incrl = (I _./;'cucl)M

mag

Kimura & Lichtenberg 2026

Efficiency of the products spread, and the H supply?

physical mixing (convection) and chemical mixing (miscibility) + timescales |

Magma ocean-atmosphere interaction in sub-Neptunes

Water entrained in
the magma ocean

Atmospheric

H, gas
load l 29 Part of the water

outgassed

H, gas

.
H,0

vapour

H,-saturated melt

+ water

Extreme

scenario, single
mixed phase
Fe-enriched

blebs

Rain of silicates

Interior in
supercritical
state
Ref. 18

Miozzi et al. 2025

More modelling (and lab) work is needed - for what planetary types and conditions these processes are applicable?

From Formation to Observation: Thermal and Structural Evolution of Planetary Interiors

A. Vazan
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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

Kimura & Lichtenberg 26 ApJ

Envelope

Slide by Tadahiro Kimura



Enrichment & Partitioning Model

Escape models from

Isolation disk Yoshida & Guides 2025
_ ) dissipation escape
Meore = Migo gas accrefion .

Envelope

XH20 = XHZO,eq

12 H,O

I

Fe H->O0
Magma

FeO
Fe203

Enriched layer is equilibrated with magma Time

until O in magma is exhausted
Kimura & Lichtenberg 26 ApJ Slide by Tadahiro Kimura



20

Effects of initial atmospheric Xuy200on final Xu20

Miso = 3M ’ f(),react = 0.1

1.0 . , 0.973
= 9 S s+ Oxygen in magma is exhausted
- A ’E  during the evolut
G 0.8 S  Lig < uring the evolution
T X Y 0.7
= ' S o
3 0.6 i 0-6Z  « Final composition hardly depends
O | 0.5  on the initial state
N : D
: 0.4 : 0.4 8
) 03> °ltis hard to keep the envelope
— T C . . :
Y 0.2 O highly enriched with water
- 0.2
- =

0.0 0.1<

103 10° 107 108 10°

Time [yr]

Kimura & Lichtenberg 26 ApJ Slide by Tadahiro Kimura
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Effects of planet mass on final Xu20

XHzO,eq — 059 fO,react = 0.1

1.0 . 0 * Larger planet has smaller XH20
’_?é | . due to more efficient gas accretion
0.8 i 5 <
>z_-‘>“ | = Mwater X Mcore
= : E 3—4
8 0.6 i 4§: Menv X Mcore
o ' "
V)
O ©
T 0.4 3 &
3 5 * Only Earth-like-mass planet can
O = . -
9 0.2 2‘—8" keep highly-enriched state
LICJ —_—
0.0 1

Time Lyr]
Kimura & Lichtenberg 26 ApJ Slide by Tadahiro Kimura
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Planet mass and final Xu20 Oxygen exhaustion
occurs quite commonly

At disk dissipation (t = tgisp)
fO,react = 0.1

-
-

~  ® Resultant envelope composition
0.75  strongly reflects the planetary
- mass at the time of disk dispersal

O
Q0
|

0.6 0'6“; — a key to link the observed data to
05T planet formation
Q
Q.
0.4 1045 o sub-Neptunes formed in-situ have

0.3C much lower envelope metallicity
than those migrated from outside

—
N

Envelope H,0 frac. (Xy,0 mix)

region

O
o

1 2 3 4 5
|Isolation mass (Miso)[M g ]

Kimura & Lichtenberg 26 ApJ Slide by Tadahiro i?a



Atmosphere arise from feedback with interior

Secular

geodynamic cycling \’/> Scaled planet radius
evolution o~

/
~108-10° yr s
R
/

.
Late accretion /A / —

> 1Ssing
o

Inner core Metal rainout

nucleation )
Secondary Primordial

atmosphere Exsolution atmosphere

Geochemical Secular, Planetesimal
stage

~10° yr

dynamo

Global Nebular

i} Ingassin
Cor_e. maptle magma ocean g g
equilibration

\

Interior-atmosphere

equilibration 107
~106-108 yr "
‘ Proto-core * mpact
Magma ocean Mantle b ~.meling  Gijant |
Crygtallization N S oxidation merging > - Giant |pmhpaascet
mospheric mospheric
Lichtenberg, Schaefer, escape * erosion ‘

Najakjima, Fischer 23 PPVII



Current developers, randomised order
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Compositions can be highly diverse

[H] = 1 oce

00O OOT ©O

Nicholls+ 2024



Evolution hysteresis (e.g. Venus):
start molten or non-molten gives different results
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We need a bz

- for intercom




netherlands

center

Lorentz

Atmospheric and center

Interior Evolution of
Planetary Magma Oceans

6 - 10 October 2025, Leiden, the Netherlands @lambda

. ;_:,’ /

ey
¢
4

https://nexss.info/cuisines _ . Ry
github.com/projectcuisines/chili . .-~

e 25 In-person participants

Topics: .
« Coupled interior-atmosphere frameworks .

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

« Atmospheric formation
« Characterisation of magma ocean exoplanets
with the James Webb Space Telescope

e Goal: write protocol draft in 5 days

Scientific Organizers

« Tim Lichtenberg, University of Groningen

e Followed by implementation roadmap w/ regular virtual, i e
Washington

leading to intercomparison paper(s) R —

« Denis Sergeev, University of Bristol

The Lorentz Center organizes international workshops for researchers in all scientific
disciplines. Its aim is to create an atmosphere that fosters collaborative work,
discussions and interactions. For registration see: www.lorentzcenter.nl

- Admin team: TL, Laura Schaefer, Josh Krissansen-

Totton, Yamila Miguel, Denis Sergeev —
== OB LORENTZCENTER.NL
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- 1 protocol paper: defines the
mechanics & tests

- 1 paper on Earth/Venus evolution

e 1 paper on TRAPPIST-1 exoplanets

* 1 paper on “static model” spectra

CHILI Protocol

Coupled atmospHere Interior modeL Intercomparison (CHILI)
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Table 4. Initial parameters for exoplanet model comparison

Table 2. Initial parameters for nominal Earth and Venus

Value References

Parameter

Parameter Earth Venus Grid samples

Starting simulation time [Myr|, TRAPPIST 1-b 50 -
Starting simulation time [Myr] 50 50 — TRAPPIST 1-e 50 -
Stellar mass [M] 1.0 1.0 - TRAPPIST 1-« 1000 -
Orbital period [days] 365.26 224.7 — Stellar mass [Mo] 0.09 E. Agol et al. (2021)
Eccentricity 0 0 B Orbital period [days|, 1-b 1.510 E. Agol et al. (2021)

. . . l-e 6.101 E. Agol et al. (2021)
Semi-major axis [AU] 1 0.723 B l-« 0.02136 fictitious lava world
Stellar irradiance [W.m™?] 920 1760 - Eccentricity 0 _

Bond albedo 0.1 0.1 — Semimajor axis [AU], 1-b 1.154 x 102 E. Agol et al. (2021)
Planet mass [Mg] 1 0.815 _ 1-e 2.925 x 1072 E. Agol et al. (2021)
Planet radius [Rg] 1 0.95 - l-a 6.75 x 107" B
Core radius [fraction] 0.55 0.55 B Bond albedo 0.1 K. Hamano et al. (2015)
init Planet mass [Mg)] 1.0 —
Thantle fully molten fully molten - Planet radius [Rg] 1.0 -
Mantle composition BSE BSE - Core radius [fraction] 0.55 W. F. McDonough & S. s. Sun (1995)
Initial oxygen fugacity at 1600 K* IW+4 IW+4 — Tinit fully molten -
H [kg] / H2O [kg] 4.7 x 10%° / 4.2 x 102! 4.7 x 10%° / 4.2 x 10**  [1.6, 7.8, 16] x 10%° / [1.4, 7.5, 14] x 102! Mantle composition BSE C. P. A. van Buchem et al. (2023)
C [kg] / CO2 [kg] 2.73 x 102 / 1 x 1021 2.73 x 102° / 1 x 10%!  [1.36, 2.73, 5.44] x 10%° / [0.5, 1, 2] x 102! E“[:Z ‘/’Xgégl [i‘gg]mty at 1600 K 3‘77141020 a2 10 -

C [kg] / CO2 [kg] 2.73 x 102° / 1 x 10%* .

NoTE—*Users should ensure that final mantle oxygen fugacity is equivalent to the IW+4 buffer.

NoTE—Stellar and orbital parameters are adopted from E. Agol et al. (2021). The hypothetical planet 1-a uses parameters defined in
this work. Volatile inventories and oxidation state assumptions follow K. Hamano et al. (2015).

Table 3. Scalar output variables required from participating evolutionary models at each step of their time-integration. Other
calculated variables are free to be recorded alongside these.

Table 5. Characteristic evolutionary ages. Snapshots taken at a subset of these times will
generate input parameters for the static models. Not all of these times will necessarily be

important in all planet cases; they serve as reference points for the interface between the Output variable Description Units
evolutionary and static models. Evolutionary models should store output variables at times t Time relative to initialization yr
close to these ages where possible. Tsurt Surface mantle-atmosphere temperature K
Toot Effective mantle potential temperature K
Ta T4 . Te 7 s To Fiure Surface geothermal heat flux Wm™?
. L _9
10° yrs 10* yrs 10° yrs 10° yrs 107 yrs 10® yrs 10° yrs ?Zi: Z;:if;r;i LZZi:j:Z;;ii:?lé%ﬁR) gz—z
o, Volumetric whole-mantle melt fraction -
O, Oxygen fugacity of solid mantle & melt bar, bar
dcBL Thickness of surface conductive boundary layer m
mc Mass of carbon atoms in atmosphere, solid, and melt kg, kg, kg
(i) Magma ocean surface chem- (ii) Atmospheric structure MH Mass of hydrogen atoms in atmosphere, solid, and melt kg, kg, kg
istry models models mo Mass of oxygen atoms in the atmosphere kg
Re(lUiI'ed inPU-tS from Dsurf, Tsurt Fiurt > F ASRy DPsurf Psurf Total surface pressure bar
evolutionary models At least pH,0, ideally bulk atmo- At least *py norm, ideally bulk at- Da Partial pressure H,O, CO,, CO, Hy, CH,, O, bar x6
spheric C/H/O ratios. mospheric C/H/O ratios. m Mean molecular weight of the bulk atmosphere kg mol ~*
R rans Effective photospheric-transit radius m
Re quire d outputs D p( z) Dy ( Z), T ( z) Rsonia Radius of solidification/rheological front m
from static models v Characteristic viscosity of the whole mantle Pas

Table 6. Required inputs and outputs for static magma ocean chemistry and atmosphere models. *Normalized atmospheric
partial pressures of individual species in bars (Equation 1).

TiM LICHTENBERG @' LAURA SCHAEFER 2,2 JosHUuA KRISSANSEN-TOTTON &2 YamiLA MiGgueL & 47
DENIS E. SERGEEV 2 ¢ PHiLIPP BAUMEISTER 2.7 JEssicA CMIEL 2 % Leont J. JANsSEN 2 % T. GiIANG NGUYEN .
Y OSHINORI M1vAazAKI 2. HArrisoN NicHoLLs @ 112 ALEXANDRA PaApPEsH @ 2 Huco PEeLissarD 2.'° Bo PENG
b) ’ b b) b
JUNELLIE PEREZ 2.1 EMMA PoSTOLEC 2. MARIANA SASTRE 2.' ARNAUD SALVADOR 2 1617 HANNO SPREEUW
’ ’ b

CH”_' Team 2025_2026 (LiChtenberg+ 2026 PSJ in preSS, N|ChO”S+ 2026 /'n ,O/’e,O, CH”_' papers 3 & 4 /'n ,Ol’e ANDREA Zorz1 @ ' THomas J. FaucHgez @,1%2%21 Kgiko HAMANO,?? JEREMY LECONTE 2, * MaxiMe MAuRICE 2 2

LENA NoAckK 2.7 AND LAURENT SoucAssg 21824



TRAPPIST-1b

9
(9

=

9
w
|

9
=
|

Pressure (bar)

=

o
=
1

A

PROTEUS

MOACHh]

Altitude (km)

500 1000

1500

Temperature (K)

Evolutionary models
A

2000

o
TIME-GEM

MagmAtm GOOEY

PROTEUS

PACMAN

CAMO

Solubility
Conduction
Convection

Fe?* « Fe*
Conduction
Convection

Crystallization Fractional
crystallization

'!' C& '!'

Solubility
Convection

MLT

Batch +
fractional
crystallization

&b

A
J@L Spectrally- Volatiles in/out
AYA resolved star
A
qbdb Spectrally- @ Rock vaporization/
pyA grey star condensation
Fractionating escape
@ Stellar
evolution Non-fractionating

CHILI Team 2025-2026 (Lichtenberg+ 2026 PSJ in press; Nicholls+ 2026 in prep.; CHILI papers 3 & 4 in pre R P

Fixed fO,
Conduction
Convection

Batch +
fractional
crystallization

h /
vy

Fel—Fe?*—Fe®*
Conduction
Convection

Crystallization

'!' C& '!V

' Core heating é%)

- Partial melt .
O Clouds

CO2 + H20 + N2 HZO C-H-N-O-S C-H-O 002 + HZO + N2
Photo / eqm
- H\ Ree RCE I\ RCE ! RCE '\RCE ! RCE
P,\ e‘e : 1 : 1 O : | O
\\ 1 ! 1 ! 1 !
QQ T L [ S L I PR . T —— !
Moist + dry Moist + dry Moist + dry Radiative- Moist + dry Radiative-
convection convection convection permitting convection permitting
oL 2 2 2 2 3
3
ot
0 o
)

Solubility
Convection

Crystallization

&

300 -

250 -

200 -

150 -

100 -

50 -

0+
500

1000
Temperature (K)

Static models
A

1500

2000

C-H-0 Rock vapor +
C-H-N-O-P-S
0-D 0-D
Implicitly Implicitly
isothermal isothermal

Fixed fO,

Batch
crystallization

y

SonicVapour

MOACHhi

|

Rock vapor C-H-O
2D dry Radiative-p
convection ermitting

Solubility
Convection

—~

PCM-HiPT

C-H-N-O-S-He

RCE

Radiative-
permitting

Equilibrium volatile
partitioning

Volatile rich melt
trapping in mantle

'!' Radiogenic heating

Boundary
layer theory

s\

Mixing length
theory

)

0-D atmosphere/
Isothermal
Radiative-convective
equilibrium (RCE),
fully convective

RCE permitting
radiative layers

On-the-fly
calculation

_____

i Precomputed grid

Seecal - Radiative transfer

3
Al B C
< PROTEUS g ]
o 5 0.8 A 1
E 3000 - CAMO S N 102 £ \\
© — ]
g § 0-6 . § ]
c 2500 1 c S 1 ]
i< 5 0.4 - T 10° 3
v © o ]
s 2000 - L ]
= £ 0.2 - -
A % 100 4
1500 A 0.0 :
10! 103 10° 107 10° 10! 103 10° 107 10° 10! 103 10° 107 10°
Time (yr) Time (yr) Time (yr)

TRAPPIST-1b

1.0 ;
3500 A ] c
o PROTEUS A [ B :
= £ 0.8 1 j
(© s ]
E’_ 5 0.6 - Q :
c 2500 1 c 5 1 ]
Iq—) - 04 7] f 10 ]
) o Q ]
E 2000 - L ® ] |
5 MOACHI g 027 0
v LavAtmos = | 107 5 o
1500 A 0.0 ]
10! 103 10° 107 10° 10! 103 10° 107 10° 101! 103 10° 107 10°
Time (yr) Time (yr) Time (yr)

erior
s interiorm,

.2 YamILA MiGuEL @ *°
4 T. GiaANG NGUYEN
,* Bo PEnG &,
18

,> JOsHUA KRISSANSEN-TOTTON
% PHILIPP BAUMEISTER 2,7 JEssicA CMIEL 2% LEONI J. JANSSEN
% HARRISON NicHoLLs & 12 AppxANDRA PaPEsH @2 HUGO PELISSARD
,! MARIANA SASTRE 2! ARNAUD SALVADOR ‘2,617 HANNO SPREEUW &,

19.20.21 Kpiko HAMANO,?? JEREMY LECONTE 2,'® MAXIME MAURICE
18,24

TiM LICHTENBERG @' LAURA SCHAEFER
DENIS E. SERGEEV
Y OSHINORI MIYAZAKI
JUNELLIE PEREZ @ EMMA POSTOLEC

4 THOMAS J. FAUCHEZ -

LENA NOACK ‘&, AND LAURENT SOUCASSE



CHILI Earth-Venus comparison: results
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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
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