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2 WHAT ARE EXOPLANETS MADE OF?

How Cheops will investigate the composition and internal structure of planets
Giants

Rocky Gas dwarfs (?)
Ice giants

Earths

planets (?) Mini
Neptunes

. Hydrogen / helium envelope
. Thin atmosphere

O Ice mantle / volatile* envelope . ; ) ) - y : ;
* Planetary scientists call volatiles all chemical elements and compounds with low boiling points that are associated with a planet's

@ Solid core (rocks, metals) or moon’s crust or atmosphere. These include: nitrogen, water, carbon dioxide, ammonia, hydrogen, methane and sulphur dioxide.

Super Earths Neptunes Jupiters
1 Mearth 10 Mearth : 100 Mearth 5 300 Mearth ~ 1 MJuplter 1000 Mearth [M=mass]
Cheops will measure the sizes of Earth- to * Cheops will also measure the
Neptune-sized planets. Combining size and mass light curves of hot Jupiters to
measurements, it is possible to determine the bulk study how energy is transported
density of the planets and constrain their composition in planetary atmospheres

Hcheops
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Traditional Interior Models:
* Distinct (three) layers

* An adiabatic temperature profile
*  Water-rich interior

H-He atmosphere
(+heavy elements)

central temperature:
afew 10° K

Helled 2025
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Helled 2025

Traditional Interior Models:

* Distinct (three) layers
* An adiabatic temperature profile
*  Water-rich interior

H-He atmosphere
(+heavy elements)

central temperature:
afew 10° K

Reality?:

Composition gradients (no distinct layers)
A non-adiabatic temperature profile
Boundary layers

Rock-rich interior

‘H-He atmosphere
(+heavy elements)

central temperature:
a few 10* K
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Jupiter

Molecular hydrogen

A
Mabd Ay han ‘.‘..

o Heliumain:

R=0.87 P=93 GPa
T=5000 K

R=0.70 P=450 GPa
T=8400 K

~ R=0.62 P=790 GPa
T=10000K

R=0.42P=2100GPa

Dilute =14000K

core

Militzer and Hubbard 2024
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* How can we find such models for more complex interiors?
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* How can we find such models for more complex interiors?

 We need to relax assumptions!
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Empirical approach to interior modelling

* How can we find such models for more complex interiors?

 We need to relax assumptions!
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Empirical approach to interior modelling

Minimalist

Start

Random density profile

p
gravity field

and hydrostatic
equilibrium

Pressure profile

P = P(p)

data consistency?

Success Failure
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Empirical approach to interior modelling: Minimalist

Uranus
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Wirth, Morf, and Helled 2025
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Empirical approach to interior modelling: Minimalist

Uranus
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Wirth, Morf, and Helled 2025
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Empirical approach to interior modelling: Minimalist Boundary between layers

dominated by H-He and
Uranus layers dominated by
o T metals?

w
—

Ap/Ar [AL~1 kg m—3]

O I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.0 0.25 0.5 0.75 1.0

Normalised radius r/R

Wirth, Morf, and Helled 2025
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Empirical approach to interior modelling

Minimalist

Start

Random density profile

p
gravity field

and hydrostatic
equilibrium

Pressure profile

P = P(p)

data consistency?

Success Failure
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Self-consistent

Start

mass renormalisation

New density profile Random density profile

p=p p = p(p)

Composition profile gravity field
. . and hydrostatic
X=X(p,P,T) equilibrium

Temperature profile Pressure profile

T =T(5, P, X) P = P(p)

compositional algorithm

data consistency?

Success Failure
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Empirical approach to interior modelling: Self-consistent

17.5 — N1 . ' ] . ___ H-HeH;0
_ N2 S _30} ‘ i demixing
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University of Zurich | Icy or rocky? Convective or stable? New interior models of Uranus and Neptune - Luca Morf 14/01/2026 | 15



Empirical approach to interior modelling: Self-consistent

[IElN

water-dominated, stable

r/{Ry = 0.81
P =2.9-10° bar
T=26103K
12% H-He r/Ry = 0.50
14% SO, T=7.810°K
(4%0 FE)
lonic H>O
convective _
r/
stable ¥/ Centre:p=18.4gcm3,

(/P =1.3-10" bar, T=1.8:10*K

Morf and Helled 2025
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rock-dominated, convective

/////////////// r/Rn = 0.86

P=2.0-10° bar
T=4.0-103K

14% H-He

29% H20 r/Ry = 0.41

51% SiO» P =3.9-10° bar

59 Fe T=1.9-10%K

ionic H>0

convective

stable Centre: p=10.9gcm3,

P—161O7barT 2.8-10% K
4
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Empirical approach to interior modelling: Self-consistent

HHe | HO M SiO; Fe
Uui{ 14
U2 - 23
U3q 11
U4y 20

N1 12
N2{ 14 S S

N31 19
N41 10 0.0 0.0

0 20 40 60 80 100
Total mass fractions [%]

'/ ionic H,O convective W stable

Morf and Helled 2025
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K2-18b
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K2-18b

Pure adiabats

B =0.78
R—_2.61 Re P=1.5-10% bar
M—8.632M@ T=3.8'103 K
=0.59
P =1.5-10° bar
0% H-He T=7.1103K
B 18% H,0
ol =0.39
B 36%Si0; P =8.7-10° bar
46% Fe T=1.110%K
@, ionicH>O
Fd convective
5 stable Centre: p=27.3gcm™3,

\P=4.0-107 bar, T=1.8-10%K

Morf and Helled 2026, in prep.
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K2-18b (O'R, Ov > 0)

’lll[lll[lli]!t!]!t!’
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Morf and Helled 2026, in prep.
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K2-18b

Pure adiabats

B =0.78
R—_2.61 Re P=1.5-10% bar
M—8.632M@ T=3.8'103 K
=0.59
P =1.5-10° bar
0% H-He T=7.1103K
B 18% H,0
ol =0.39
B 36%Si0; P =8.7-10° bar
46% Fe T=1.110%K
@, ionicH>O
Fd convective
5 stable Centre: p=27.3gcm™3,

\P=4.0-107 bar, T=1.8-10%K

Morf and Helled 2026, in prep.
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Composition gradients

—_ /1R =0.91

y P=6.3-10° bar
R =261 Re T=1.9-103K
M=8.631Mg y E”i 1,8171365 bar
T=5610°K
1% H-He
B 8%H,0
B 61%SiO,
30% Fe
@, ionic H,O
Fod convective
= stable / Centre:p=22.3gcm™3,

=2.2:107 bar, T=2.0-10%K
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K2-18b (O'R, Ov > 0)
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Conclusions

* Agnosticism allows for more accurate constraints
« Uranus and Neptune could be rocky

* Model assumptions dominate over physical constraints for exoplanet interior modelling
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