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Exoplanet statistics

Planet Radius vs Planet Mass

exoplanetarchive.ipac.caltech.edu, 2026-03-30
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What are sub-Neptunes made of?
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Radius as a proxy for composition

Sub-Neptunes as a combination of a Earth-like rocky core + gas envelope (Lopez and Fortney, 2014)

“...theoretical mass—radius curves are remarkably flat; that is, planets with a
given H/He abundance have very similar sizes regardless of their mass.”

PLANETARY EMBRYO &
H2 ATOMSPHERE
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Radius as a proxy for composition

Sub-Neptunes as a combination of a Earth-like rocky core + gas envelope (Lopez and Fortney, 2014)

“...theoretical mass—radius curves are remarkably flat; that is, planets with a
given H/He abundance have very similar sizes regardless of their mass.”

5 — r—r e
e Envelope - - - - Core Towl 1% BUEE Radius is proportional to H/He
__4F - envelope fraction, independent of
&'_;’i 3 Sub-Neptunes 3% planet mass.
5 [ -
% 2:_ 1% Assuming a “solar” H/He ratio,
g r : envelope is ~0.5 — 3 % of total mass
~ [ 1 0.3%
1 :
e 1 0-1% :
O What if sub-Neptunes are
0 5 10 15 20

not solar?

Planet Mass (M)
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Radius as a proxy for composition

Sub-Neptunes as a combination of a Earth-like rocky core + gas envelope (Lopez and Fortney, 2014)

T TP A Bare core density_
1. Assume isothermal atmosphere
i _ u (kg mol~1)
to calculate scale height: 6000 £ oo
T ug TE 5000 @
(&)
2. Approximate pressure at which %
optical depth ~ 1 (photosphere): 5“1
2
g
PphOt =~ ; ~ 10 mbar § 3000 -
3 C | ate t " d t E’ Typical sub-Neptune densities
. Calculate transit radius a
. . 2000 A
photosphere with thin atmosphere: EYLLF
.=1.81R,
P
Ttransit = e T H 1000 7 Ppnot = 10 mbar
Ponot 103 107 107

o Envelope mass, (Meny / Mp)
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Equilibrium temperatures of sub-Neptunes

Madhusudhan et al. (2025)
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Most are temperate sub-Neptunes
with 280 < T, [K] < 600

This is the temperature at the
photosphere (optical depth = 1) or
~1—-100 mbar

To what extent is the
photosphere representative of
the deeper envelopes of sub-

Neptunes?
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Simplified structures of sub-Neptune envelopes

* In upper atmosphere, heat

102 |+ T,=300K transport is radiative, P-T
Photosphere profile is roughly isothermal
1071
100_2  \Where radiation = convection, i.e.,
dInT dInT
= 10 Prep~ 10 bar dlnP “\omp
3 E rad S
® 1021 denotes the pressure at the radiative-
: convective boundary
103_5
105 ]
0 1000 2000 3000 4000 5000

T (K)
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Simplified structures of sub-Neptune envelopes
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] Photosphere
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heat
P-T

In  upper atmosphere,
transport is radiative,
profile is roughly isothermal

Where radiation = convection, i.e.,

()., ~ (o),

denotes the pressure at the radiative-
convective boundary

dInT
dInP

dInT
dInP

P-T profile set by adiabatic index (y) —

(707)

dInP
...poorly known!

y—1

S 14

See also Tang et al. 2024
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Compositions of sub-Neptune envelopes

1) Earth-like rocky interior

2) H,-rich envelope, 0.5-3 % M

3) 2000 — 4000 K surface temperature

Captured H enveloppe
+ vapor from magma ocean

Molten Mantle
Covered by Magma Ocean

ETHzirich Department of Earth and Planetary Sciences

PY (bar)

Charnoz, Sossi et al. (2023)

Hydrogen mass fraction over 1 Earth-like planet
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Compositions of sub-Neptune envelopes

Silicate evaporation is significant above ~2000 K
1
Si0, (magma) = SiO(gas) + 502 (gas)

Because atmosphere contains hydrogen, other
reactions occur:

1
Si0 (gas) + 2H,(gas) = SiH,(gas) + 5 0,(gas)

Addition of Hydrogen
1) Lowers fO, — favours evaporation of SiO(g)
2) Higher total pressure — favours SiH,(Q)

Increasing T
Entropy of evaporation — favours SiO(g)

1)
Something

Department of Earth and Planetary Sciences

ETHzirich

Sub-
Neptune
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Charnoz, Sossi et al. (2023)
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Compositions of sub-Neptune envelopes

Silicate evaporation is significant above ~2000 K ..
1 ﬁ
Si0, (magma) = SiO(gas) + 502 (gas) 103

Because atmosphere contains hydrogen, other 102;

reactions occur: E
g 10"
1 2
Si0 (gas) + 2H,(gas) = SiH,(gas) + 5 0,(gas) L
— 10%
Addition of Hydrogen s o |
1) Lowers fO, — favours evaporation of SiO(g)
2) Higher total pressure — favours SiH,(g) Lo-2
Increasing T 10-3!

1) Entropy of evaporation — favours SiO(g)

Sub-
Neptune

ange

Charnoz, Sossi et al. (2023)
3400 K

10-5 10-3
Total monoatomic pressure of H in atmosphere [PE, ,bar)

Something is missing...
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First sub-Neptune observations
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Atmospheric composition by JWST
Madhusudhan et al. (2023)

- K2-18 b

HH 'NIRISS SOSS o
JWST Transmission Spectrum HH  NIRSpec G395H
CO; CH,, DMS
1 1 1 ] 1 ] | I 1
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‘Temperate’ sub-Neptunes (T, ~250 — 400 K; K2-18b, TOI-
270d) have ~1-5 mol. % CH,, CO, + H,O (Madhusudhan et al.
2023; Benneke et al. 2024), remainder is H,/He

Department of Earth and Planetary Sciences 01.04.2026
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The effect of carbon

Pressure (GPa)

=
o

i e
NSRS O

Co

AIW = -3, 3000 K

Bower, Sossi et al. (2025) Speciation at super-solar metallicity

Solar C/H

Total P Real
Total P Ideal
H2

H20

cO

cCO2

CH4

— ——
— i ————— — - — j——
—— =

/ * Inideal gas, H, dominant up to C/H = 0.8

* Inreal gas, H, dominant up to C/H = 0.3

« Methane present at high mixing ratios for
sub-Neptune-like metallicities (Z ~ 100)

CO,(9) + 2H,(g) = CH4(g) + 02(g)

at equilibrium

K = fCH,. fO, _ @CH,. @0, pCH,.p0O,
————————————— fCO,. (FH2)?  |9CO5. (9Hp)?[pCO, (PHy)?

ETHzirich

o

Faa— 7 S

C/H Calculated Measured
(equations of (atmospheric
state) spectra)
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The effect of non-ideality

Fugacity, not partial pressure, determines
phase stability and activity

Heterogeneous equilibria

Solubility
H,(g) = Ho (D)
>1 at high
atl  aHy; " pressure

K = —
fH, |pH,|pH,

Gases dissolve in silicate magma ocean
in order:

H,0 > CO,, H, > CH,

Increasing ¢H, causes dissolved hydrogen (aH,
to increase — C/H of atmosphere increases

ETHzirich

Department of Earth and Planetary Sciences

C/H in Atmdépghere |

20

C/H=0.3, 3000 K Bower, Sossi et al. (2025)
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Silane-methane competition
Equations of state for both CH, and SiH, (Hakim, Sossi et al. 2026)

Envelope Composition at MEB (H—He—C—N—0O-Si system)

(a) 1x solar, 100% melt

5 IS
8 10° ; Total= [ 10! (5
O | —————————— | 0
= 104 SiHe - 100 o
S5 Y S He :
7  [— —— SiO F ﬁ
@ 103 4 - 107! @
a ] F o
- ] __CH4‘--__-___ :
‘© 107 3 r 1072 T_U
jut ] — t
DrE 101 E HZO-—-— 10_3 E
sa] 1 =7 2]
W0 b —0= ———————— 10 &
0.1 0.3 1.0

Hydrogen Mass / Planet Mass [%]
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Silane-methane competition
Equations of state for both CH, and SiH, (Hakim, Sossi et al. 2026)

Envelope Composition at MEB (H—He—C—N—0O-Si system)

(a) 1x solar, 100% melt

5 IS
8 10° ; Total= [ 10! (5
O | —————————— | 0
= 104 SiHe - 100 o
S5 Y S He :
7  [— —— SiO F ﬁ
@ 103 4 - 107! @
a ] F o
- ] __CH4‘--__-___ :
‘© 107 3 r 1072 T_U
jut ] — t
DrE 101 E HZO-—-— 10_3 E
sa] 1 =7 2]
W0 b —0= ———————— 10 &
0.1 0.3 1.0

Hydrogen Mass / Planet Mass [%]

From envelope (high Z) «— COJ+ 3H,=CH, + H,0
From magma +—|SiO|+ 3H, = SiH, + H,0
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Silane-methane competition

Equations of state for both CH, and SiH, (Hakim, Sossi et al. 2026)

Equilibrium Atmospheric Composition with Condensation

(a) 1 wt% H, 1x solar, 100% melt (b) 1 wt% H, 100x solar, 100% melt
Mean Molecular Weight [amul] Mean Molecular Weight [amul]
25 50 7.5 10.0 12,5 15.0 17.5 20.0 25 50 7.5 100 12,5 15.0 17.5 20.0

10—3 - 1 1 1 ] 1 10—3 1 1 ] 1
= E —
M 1072 3 H>0 M 1072

101 3 . 101 He
p 10 : SiO SiH4 v 10
31003 CH, 3 100
0 : A CH,4
g 10" ] g 10*

102 E I 1 I 1 1 102 L) I \ I I 1 1

10712 10-10 10-8 10-° 1074 1072 10° 1012 10-10 10-8 10-° 1074 1072 100
Mixing Ratio Mixing Ratio

« SiH, condensation as SiC, Si and SiO, — not visible in upper atmosphere
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Silane-methane competition

Equations of state for both CH, and SiH, (Hakim, Sossi et al. 2026)

Equilibrium Atmospheric Composition with Condensation

(a) 1 wt% H, 1x solar, 100% melt (b) 1 wt% H, 100x solar, 100% melt
Mean Molecular Weight [amul] Mean Molecular Weight [amul]
25 50 7.5 10.0 12,5 15.0 17.5 20.0 : 50 7.5 10.0 12.5 15.0 .5 20.0

10—3 ] 1 1 ] 1
o o
M 1072 3 H>0 ©

1 -1 3 .
2 1003 CHy 7 10°
W ] 7))
g AN §

102 E I 1 I 1 1 102 L) I \ I I 1 1

10712 10-10 10-8 10-° 1074 1072 10° 1012 10-10 10-8 10-° 1074 1072 100

Mixing Ratio Mixing Ratio
« SiH, condensation as SiC, Si and SiO, — not visible in upper atmosphere

* 100 x solar cases predict correct xCH, and mean molecular weight (MMW), but CO, not observed
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Silane-methane competition

Equations of state for both CH, and SiH, (Hakim, Sossi et al. 2026)

Equilibrium Atmospheric Composition with Condensation

(a) 1 wt% H, 1x solar, 100% melt (b) 1 wt% H, 100x solar, 100% melt
Mean Molecular Weight [amul] Mean Molecular Weight [amul]
25 50 7.5 10.0 12,5 15.0 17.5 20.0 : 50 7.5 10.0 12.5 15.0 .5 20.0

10—3 ] 1 1 ] 1
o o
M 1072 3 H>0 ©

1 -1 3 . 1 -1
o I sio SiHa p 10
2 1003 CHy 7 10°
W 7))
g N g

102 E I 1 I 1 1 102 L) I \ I I 1 1
10712 10-10 10-8 10-° 1074 1072 10° 1012 10-10 10-8 10-° 1074 1072 100

Mixing Ratio Mixing Ratio

« SiH, condensation as SiC, Si and SiO, — not visible in upper atmosphere
100 x solar cases predict correct xCH, and mean molecular weight (MMW), but CO, not observed

Needs additional oxygen...
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Young et al. (2024)
Sub-Neptune

.-...H2

Silicate rain
P — )

\"\ ?l'}

Metal, Fe+ H+Si+ O
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Temperature (K)

Towards miscibility

Sub-Neptune bulk =106 & Stixrude (2026)

|
4,000 - . P . .
H, in : 1phase . in H, -rich fluid Ab |n|t|o. simulations of system
silicate melt |
3,500 [~ . @)= !
|
A= = — —_ = = ——
3,000 - | @  Closure of two-phase field >
pelic 3500 K, 2 GPa
2,500 -
: 10 GPa
2,000 :
: 2 phases « Sub-Neptunes may have no
1,500 | surface
| | | |
0 0.2 0.4 0.6 0.8 1.0 s .
MgSiO, Composition, H,, mol fraction (x) H, « Implicit is the stoichiometry of

species in simplified system...
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Towards miscibility

Caracas et al. (submitted)

* Ab-initio simulations of system
H,-peridotite

107 ¢

» Species including SiH, and FeH,
are stable > 2 GPa

« Presence of these species
stabilises the fluid phase

Amount (%)

e Cannot be considered as a
simple binary

R SiO, + Hy = SiH, + Hy0
X
10 20 30 40 50 60 70 F€0+(1+E)H2=F€Hx+H20

1 1 1 1 1 1 1 L 1 1 1 1

Pressure (kbars)
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Towards miscibility 30.7 GPa, 4100-4200 K Miozzi et al. (2025)

« Diamond-anvil cell experiments up to ~72
GPa and 4700 K on peridotite

* Loaded in 75Ar-25H, pressure medium to
generate high fH,

1Hm

 Two phases clearly observed

« Silicate phase contains 6 wt. % H as H,, but
speciation not determined

ETHzirich Department of Earth and Planetary Sciences 01.04.2026 24



Population studies of sub-Neptune envelopes

» Temperate sub-Neptunes T,, < 400
K (K2-18b, TOI-270d) have either
CH, and/or CO, in their
atmospheres

* Warmer sub-Neptunes T, > 600 K
(GJ 9827-d, TOI-421 b) have H,O in
their atmospheres

ETHzirich

Department of Earth and Planetary Sciences

Transit Depth (%)

(Rp/Rs)? (ppm)

TOI- 270 d, Teq = 350 K (Constantlnou et al. 2026)
0.30F ﬂ
0.29 #& uﬂﬁ W%\#&m @(J @‘M ‘{% }F&M
A
0.28 +
Le 1:0 1 4.0 4.5 5:0
Wavelength(um)
TOI-421 b, Teq = 920 K (Davenport et al. 2025)
N e } S
900t ® NIRISS SOSS + o ]
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Population studies of sub-Neptune envelopes

< 0.08 -

O

0.16 a)

0.14 -
0.12 -

0.10

0.06 -
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0.02 -

0.00 -

@ G}98z27d

Hzﬂ-rir;h

@ Toi-270 d

K2-18 b CH,, H,-rich

® Lp-791-18 ¢
@ TOI732c

TOI-421 b

300 400 500 600 700 800 900

Equilibrium temperature, Tgq (K)
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3200

- 3000

2800

2600

2400

Bulk density (kg m~3)

2200

Temperate sub-Neptunes have
elevated densities (>2800 kg/m3)
compared to warmer sub-Neptunes
(<2400 kg/m3)

Higher O/H implies release of H,0,
either
« Evaporation of an ocean layer (i.e.,
post-Hycean)
« Higher oxygen release from interior

Could these planets form a continuum
governed by T,, and the mass of
H,/He accreted?
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Population studies of sub-Neptune envelopes

ETHzirich

Atmospheric extent (H; content) —

Madhusudhan et al. (2025)

Mini-Neptunes

Supercritical
mini-Neptunes

Steam worlds

®

.

Ice
worlds

Hycean
worlds

Equilibrium temperature — Terit

Department of Earth and Planetary Sciences

Temperate sub-Neptunes have
elevated densities (>2800 kg/m3)
compared to warmer sub-Neptunes
(<2400 kg/m3)

Higher O/H Implies release of H,0,
either
« Evaporation of an ocean layer (i.e.,
post-Hycean)
« Higher oxygen release from interior

Could these planets form a continuum
governed by T,, and the mass of
H,/He accreted?
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Conclusions

* To explain their bulk densities, sub-Neptunes have low mean molecular weight
envelopes (< 5 kg/mol) between ~0.5 — 3% the total planet mass

* This generates pressures up to ~10 GPa and temperatures up to ~4000 K

« At these conditions, silicate components evaporate, forming SiH,, and behaviour
Is strongly non-ideal

« If metallicity is sufficiently high CH, also forms, and is observed in the
photosphere of temperate sub-Neptunes, unlike SiH, which condenses

* Hotter sub-Neptunes, in particular, are O-rich and contain H,O in their
atmospheres, potentially reflecting miscibility in their interiors
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NASA/ESA/CSA/STScl

NEPTUNE

SUPER-EARTH: MINI-NEPTUNE:

Up to twice the Two to four times the diameter of Earth with
diameter of Earth a rocky core surrounded by a gas envelope,
and mostly rocky possibly of hydrogen or helium
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Atmospheric diversity on abiotic rocky worlds - atmodeller
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Mixing in atmospheres of other worlds

Benneke et al. (2024

H:/He - dominated

Miscible
supercritical |,
: H, +H,0 |/
H:0O condensation 2 2
Cold trapping ~
Silicates

Stratified Mini-Neptune
(cool)

Yu Yu

MSc.(Geneva/ETH)
Sept. 2024 — Jul 2025
w/ P.Sossi, D. Bower, C. Lovis

ETHzurich

« Structures of sub-Neptunes depend on properties of

supercritical fluids

* Pressures > 1 GPa and Temperatures > 1000 K in deep

envelope

Aim: Determine volumes of mixed fluids in C-O-H system

« Deviation from ideal gas
given by fugacity
coefficient:

I-?b = fugacity/pressure
O strongly non-ideal in

H,-rich fluids

Favours phase separation
in sub-Neptunes
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logya Pressure [bar)

Volatile-bearing mineral atmospheres of hot rocky exoplanets as
probes of interior state and composition

Fabian L. Seidler!, Paolo A. Sossi', Dan J. Bower!, and Brice-Olivier Demory>>

* Mineral + CHONS atmospheres
« Spectra of Earth-like and Sun-like atmospheres
 Application to 55-Cnc-e

log cond. frac.

=50 —24.5 0.0

B=Te

2 3 45 B 9 20 34 1000 2000 3000 4000 -6

0.3 0.5 1
ETH:zirich Department of Earth and Planetary Sciences

Fabian Seidler

55-Cnc-e likely has
a reducing

atmosphere (no
SO,)
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