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Takeaway Points

Sub-Neptunes can be volatile-rich,
migrated worlds

- Favored over dry planets by formation models

Water partitioning to interior affects
evolution

Coupled models currently lack some
relevant processes
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Disk Migration

* Disk migration expected
(Ward1986, Lin+1993,1996, Ida&Lin2002, Mordasini+2009)

* Water-rich planets migrate to regions
interior to iceline

- Can help explain inner system architecture
(Izidoro+2017, Leleu+2024)

* No proof for large-scale migration,

so far

Paardekooper+2011
migration prescription
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New Generation Planetary Population Synthesis

Start with already formed, small
planetesimals (300m) and moon-sized
embryos in smooth disks

Tuned planetesimal size

Initial conditions from disk observations
Migration included
Single stars

Dust opacity in envelopes reduced

Motivated by grain growth (mMordasini 2014)

Emsenhuber+ 2021 (a,b), 2025
Schlecker+ 2021 (a,b) 8/26
Burn+ 2021




New Generation Planetary Population Synthesis

1.0
—— Synthetic
* Comparison to HARPS reveals = 0.8 — HARPS
: o

relatively good match =

(Emsenhuber et al., 2025) ég 0.6
Absolute number of planets too highin S
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giants © 0.2
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Population Synthesis Review
102
8 * In-depth review and comparison of
100 L4 three population synthesis works
i (Burn&Mordasini, Handbook of Exoplanets 2024)
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References: Brugger+2020, Kimura&Ikoma 2022, 10/26
Drazkowska+2023 (PPVII)
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Population Synthesis Review

* In-depth review and comparison of

three population synthesis works
(Burn&Mordasini, Handbook of Exoplanets 2024)

Mp.form [Me]

* No perfect match to observations

IIr\'/Fp.form [MQ]

o 10t 10t e o e Mot e References: Brugger+2020, Kimura&Ikoma 2022, 10/26
a [AU] a [AU] Drazkowska+2023 (PPVII)
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Population Synthesis Review

* In-depth review and comparison of

three population synthesis works
(Burn&Mordasini, Handbook of Exoplanets 2024)

i+ No perfect match to observations

I+ Differing approaches to viscosity

- Relevant for migration and disk
evolution

" References: Brugger+2020, Kimura&Ikoma 2022, 10/26
Drazkowska+2023 (PPVII)




Nature of small Exoplanets: Models

10 1.0 Mo | * Migration leads to water-rich
= o L planets interior to the iceline
S 102-
S
= - Classical planet formation result
10°+ (Mordasini+2009, Ida+2013, Raymond+2018,
Bitsch+2019, Izidoro+2022)
102 ——
10-2  107*  10° 101 102 - Around 30% H,O by accreted mass
Burn+2021 a (au)
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Formation & Evolution model

* Evolution phase

Stellar evolution

Thermal hydrodynamic outflow due

to XEUV irradiation (kubyshkina+2018,
Kubyshkina&Fossati 2021, Johnstone 2020)

Metallicity (Z)-dependent molecular
opacities (Freedman+2014)

Equations of State (varied)
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Radius Gap between Steam and Rock

synthetic, con
ok * Previously, water was usually
j treated as ice in population studies
i (e.q. Jin & Mordasini 2018, NGPPS Emsenhuber+21/Burn+2021)
I
P Ice worlds populate radius valley
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AQUA (Haldemann+2020)

Pressure

A

Radius Gap between Steam and Rock

* But observed planets are hot

- Closer to star than runaway greenhouse
(e.g. Boukrouche+2021)
* For hot sub-Neptunes, expect vapor

and supercritical phases for water
(Turbet+2020, Zeng+2019/2021, Mousis+2020, Venturini+2020)

| ] q 0
Superionic /
= Supercritical
&6flllllllll
S Gas
Ve |/
o &/ (superheated)
o &/
o« X/
Temperature
Critical Point

8 - Supercritical fluids are highly miscible
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H/He and H.O loss

&
Radius Gap between Steam and Rock

N

synthetic, steam

* Steam worlds in statistical
agreement with observations

Radius [Rg)]
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H/He and H.O loss
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Radius Gap between Steam and Rock
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synthetic, steam
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H/He and H.O loss

adius Gap between Steam and Rock

N
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Burn+2024 Radius [Re]

&

Steam worlds in statistical
agreement with observations

Burn+202
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H/He and H.O loss

N La
adius Gap between Steam and Rock
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0 * Provides an alternative to dry
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Burn et al., subm

hitps://arxiv.org/abs/2411.16879 RESU Its: Mass-Radius

Mixed model 0
TT 11T T T llllll.'i-‘gv!r.g ¢ .
B AT I Pty * Comparison to Parc+2024
Al il Mo catalogue
1 Fuids 5 - Attempt at matching bias
EB' . J 0.3 E
=2l ;5 B 2 - No homogeneous survey
= 3 £
- e "3 * Start: H/He mass at the end of
?990
S ] the disk
] ot
. Observed 1 i  Mixed scenario
ol 0.0
10° 10! _ .
Mass [Mo] Matches broadly M-R relation
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Burn et al., subm

https://arxiv.org/abs/2411.16879 VVater Sequestration

* Assumes continuous presence of magma ocean
(made of MgO, SiO,, FeO)

Water

Sequestration 7
. e - » - To mantle following Henry’s Law (Dorn & Lichtenberg 2021)
env,ini homo P ‘9

A4

£ Zios = Zon  Dissolution of water

1
M vol,magma/ (M vol,magma + MRock) = aP B/ﬁ

- Toiron core mid-mantle pressures (Luo+2024)

* Atmosphere and complete magma ocean in
equilibrium
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Water Sequestration

* Initially lower-density

* Higher photoevaporative loss

Burn et al., subm 19/26
https://arxiv.org/abs/2411.16879



Water Sequestration

Initially lower-density

Higher photoevaporative loss

Outgassing (equilibrium)

Smaller H/He + steam worlds

Rock . .
“ H:f,if,‘ - Stable against photoevaporation

ore .. at large orbital periods

Burn et al., subm 19/26
https://arxiv.org/abs/2411.16879




Water Sequestration
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Water Sequestration

Water Sequestration
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Burn et al., subm 21/26
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Radius [Rg)]

Water Sequestration
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Water Sequestration

* Initially lower-density
* Higher photoevaporative loss
* Qutgassing (equilibrium)

* Smaller H/He + steam worlds
- Stable at large orbital periods

- Stronger «cliffs

- Dry Super-Earths (Rogers+2024)

Burn et al., subm
https://arxiv.org/abs/2411.16879
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Radius Valley

Radius (density) valley recovered

- Mixed and Sequestration

Radius valley for mixed depends
on Mstar

Not for Sequestration model

Burn et al., subm 23/26
https://arxiv.org/abs/2411.16879




Radius Valley

* Radius (density) valley recovered

- Mixed and Sequestration

* Radius valley for mixed depends
ON Mstar

* Not for Sequestration model

0.25 0.50 0.75 1.00 1.25

M* [M@] . . .
——Mixed - -Petigura422 4—Cloutier&Menou20 ° R Wlth IN unce rta I nty
——Layered Ho-+24 ——Bonfanti+24 gap

—M—\Water Sequestration —®—Luque&Pallé22 --¥-Venturini+24

Burn et al., subm 24/26
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Discussion: Interior-Atmosphere

* Atmosphere and interior state, heat
exchange and chemistry neglected!

* Exploration with equilibrium chemistry

'l T T
0.04 0.06 0.08 0.10

- For water-rich: O in metallic core & silicate layer

= Equilibrated
== Accreted

- Little water in envelope
- lower atmosphere mass

- For dry: outgassing of heavies (H.0, CO, CH,)

0.0

T
D.1

T T T T
0.2 0.3 0.4 0.5
Mt { My (Hz + Volatiles)

"> Werlen, Dorn, Burn+, 2025 http://arxiv.org/abs/2507.00765
& Werlen, Burn, +, submitted 25/26



http://arxiv.org/abs/2507.00765

Conclusions: Sub-Neptunes

* High water content in atmospheres of sub-
Neptunes possible from M-R relations

— Not pure water to match desert and slope

* Core-dominated planets interact with interior
- Significant effect from water sequestration
- Matches only for more massive planets (M>3Mearth)

- Chemical reactions modify the speciation further
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