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Abstract

Sub-Neptune planets have been shown to be common among the exoplanet popula-
tion. The sub-Neptune regime, spanning ∼1-4 Earth radii, encompasses a diverse
possible range of planetary conditions, with no analogue in our solar system. The
bulk properties of these planets give rise to compositional degeneracies, with a wide
range of compositions able to explain each mass and radius. In this thesis, I explore
the diversity of interiors possible for temperate sub-Neptune exoplanets. To do this, I
developed an internal structure model specialised for sub-Neptunes. This model relates
the bulk properties of a planet to the possible interior compositions, incorporating
equations of state to describe the behaviour of different planetary materials, including
hydrogen/helium, water, silicates, and iron.

I first use the model to conduct a theoretical exploration of the possible interiors and
ocean depths of a new class of habitable sub-Neptune, known as hycean worlds. These
planets are characterised by liquid water oceans at their surfaces beneath hydrogen-
rich atmospheres. Hycean worlds have been the subject of recent investigations of
habitability and the potential for biosignature detections, due to their being more
conducive to atmospheric observations compared to Earth-like planets. I calculate the
range of ocean depths possible for hycean worlds, dependent on the surface gravity
and surface temperature. I then explore the range of possible interior compositions
and ocean depths for five hycean candidates, placing constraints on the envelope and
water mass fractions required for hycean conditions.

Secondly, I apply the internal structure model to the scenario of a gas dwarf
sub-Neptune. A gas dwarf is defined by the presence of thick hydrogen-rich envelope
atop a rocky interior, with the possibility of a solid or magma ocean surface. The
interior model is coupled to atmospheric observations and atmospheric models to
evaluate the feasibility of a temperate sub-Neptune hosting such conditions. In this
way, the inferences made about the atmospheric properties and composition from
atmospheric observations can begin to ease the interior compositional degeneracies.
The model framework is used to consider the plausibility of a gas dwarf scenario for the
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temperate sub-Neptune K2-18 b, which was recently observed with the James Webb
Space Telescope (JWST).

Lastly, I use the internal structure model to conduct a detailed exploration of
the possible interior and surface conditions of TOI-270 d, a temperate sub-Neptune
recently observed with JWST. This investigation, informed by the findings of the
recent observations, spans possible scenarios of a gas dwarf, a hycean world, and a
mini-Neptune, with a water-rich interior but no distinct surface. In the modelling of
mini-Neptune scenarios I consider the potential for hydrogen and water to be mixed,
which has been shown to occur across a wide range of pressures and temperatures
relevant to sub-Neptunes.

I conclude with a discussion of possible future directions for modelling the interiors
of sub-Neptune exoplanets, and prospects for their characterisation. Potential directions
include the incorporation of more complex treatments of planetary materials. I discuss
the need for further experimental data to inform modelling efforts.
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Chapter 1

Introduction

In the 30 years since the first discovery of an exoplanet around a main sequence star
(Mayor and Queloz, 1995), the field of exoplanet study has shifted from detection to
characterisation. This shift, largely thanks to spectroscopic observations of exoplanet
atmospheres, has been cemented by the unprecedented capabilities of the James Webb
Space Telescope (JWST). To be studying exoplanets in this era of characterisation
is to be presented with a wealth of information never before available to humanity.
The difficulty now lies in the robust interpretation of the precise spectroscopic data
available and the translation of this to well-informed inferences about the nature of
these planets.

Planets in the sub-Neptune regime, with sizes between 1-4 Earth radii, between
that of Earth and Neptune, have emerged as the most abundant class of planet. This
planetary regime spans a diverse range of densities and hence potential compositions
unlike any seen in our own solar system. The characterisation of such planets provide
a key avenue to improving our understanding of exoplanet formation and evolution, in
addition to the potential for habitability on planets vastly different to our own. For
such planets, their bulk properties – the mass, radius, and equilibrium temperature
– permit a wide range of possible interior compositions. Determining the nature of
planets in the sub-Neptune regime is at the forefront of exoplanet research, which
requires a number of complementary observational and theoretical methods. In recent
years, the first molecular detections have been made in the atmospheres of temperate
sub-Neptunes (e.g. Madhusudhan et al., 2023b; Holmberg and Madhusudhan, 2024),
allowing the first insight into their atmospheric composition. Understanding the nature
of these planets requires connecting their observable atmospheres to the surface and
interior composition, relying on theoretical models of the atmosphere and interior, and
their interactions.
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Fig. 1.1 Cumulative exoplanet detections across discovery years. This figure is from
the NASA Exoplanet Archive, generated on 14/08/25.

In this thesis we explore the range of interiors possible across planets in the sub-
Neptune regime, with a focus on temperate sub-Neptunes. We begin in this chapter
with an introduction to the detection and observation of sub-Neptune exoplanets,
the theoretical methods used in the study of their interiors and atmospheres, and
the exciting importance of this planetary regime for learning about planet formation,
evolution and habitability.

1.1 Exoplanet Detection

Figure 1.1 shows the cumulative exoplanet discoveries since 1995, colour-coded ac-
cording to discovery method. To date, the method yielding the most detections has
been the transit method, with 4437 confirmed exoplanets discovered via this method
(NASA Exoplanet Archive, accessed 26/08/25). The second most productive discovery
technique is the radial velocity method, which was the predominant method until
the launch of the Kepler telescope in 2009. Other methods, including transit timing
variations (TTVs) and direct imaging, have contributed smaller numbers of exoplanets.
Due to their predominance and importance in determining the mass and radius of the
majority of exoplanets, we will focus on the transit and radial velocity methods, before
briefly outlining some other methods.
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1.1.1 Radial Velocity Method

The first exoplanet to be discovered orbiting a main sequence star, 51 Pegasi b, was
detected using the radial velocity method (Mayor and Queloz, 1995). The technique
relies on the periodic Doppler shifting of absorption lines in the stellar spectrum due
to the gravitational interaction between the orbiting planet and the host star.

The radial velocity semi-amplitude of the host star can be written

K3
⋆ = 2πG

P (1 − e2)3/2
M3

p sin3 i

(Mp + M⋆)2 (1.1)

where Mp and M⋆ are the planetary and stellar masses respectively, P and e are the
period and eccentricity of the planetary orbit respectively, and i is the inclination of the
orbit perpendicular to the line-of-sight. The true stellar orbital velocity will be greater
than the measured value, which is only the component along the line-of-sight. There is
therefore a degeneracy between the observed motion of the star and the inclination
of the system, which can be resolved through additional observations via the transit
method, if available.

In this way, the planetary mass can be estimated. In reality, due to the aforemen-
tioned degeneracy, the constraint derived from this method is a lower limit on the
planetary mass, in the absence of additional information on the orbital inclination.

The radial velocity method is best suited to detecting large mass planets with short
orbital periods, as this will result in a larger semi-amplitude, which is more easily
detected repeatedly. With current facilities, the best velocity precision achievable is
∼0.1 ms−1 with ESPRESSO (Pepe et al., 2021) – approaching the precision that would
be required to detect an Earth-like planet around a Sun-like star.

1.1.2 Transit Method

If a planetary system is favourably aligned to our line-of-sight, the planet will be seen
to pass in front of its host star, in an event known as a transit. The fractional change
in the apparent brightness in and out of transit is known as the transit depth. By
assuming the planet is fully opaque and spherical, the transit depth can be related to
the relative sizes of the planet and host star:

∆ =
(

Rp

R⋆

)2
(1.2)

where Rp and R⋆ are the planetary and stellar radii respectively. Therefore, given
a known stellar radius, a measurement of the transit depth allows a derivation of the
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Fig. 1.2 Schematic of primary and secondary eclipse of an exoplanet.

planetary radius. Furthermore, Kepler’s third law, which relates the planetary orbital
period P to the semi-major axis a:

a3 = GM⋆

(
P

2π

)2
(1.3)

can be used to derive a value for a, given that P can be found from the time
between successive transits. The transit method is most conducive to the detection of
large planets, as the transit depth will be largest. To detect small planets, targeting
small, cool stars such as M dwarfs results in a larger transit depth than for larger,
hotter stars. Due to the frequency of observable transit events, shorter period planets
are often discovered more readily via the transit method.

At the opposite end of the planetary orbit to the primary transit, the planet can
be seen to pass behind the host star, in what is known as the secondary eclipse.
Both primary transit and secondary eclipse are crucial configurations for spectroscopic
observations of exoplanet atmospheres, which will be outlined in Section 1.4.1.

Measurement of a allows a calculation of the planetary equilibrium temperature,
Teq. The equilibrium temperature assumes that the planet is in radiative equilibrium,
such that it is heated only by its host star, with both the planet and star behaving as
blackbodies.

Treating the star as a blackbody, its luminosity is written as L⋆ = 4πR2
⋆σT 4

⋆ , where
σ is the Stefan-Boltzmann constant, and T⋆ is the stellar effective temperature. The
planet absorbs a fraction of the incident energy from the star, based on the distance to
the star and the cross-sectional area of the planet. This absorbed energy will also be
moderated by the Bond albedo, AB. In equilibrium, the energy absorbed and emitted
by the planet are equal. If the planet radiates as a blackbody, assuming the absorbed
energy is uniformly redistributed, we can therefore write
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L⋆

4πa2 πR2
p(1 − AB) = 4πR2

pσT 4
eq (1.4)

Hence, using the expression for L⋆, Teq can be written

Teq = T⋆

√
R⋆

2a
(1 − AB)1/4 (1.5)

The equilibrium temperature provides a theoretical estimate of the planetary
temperature. In reality, the temperature at the planetary surface will be impacted
by greenhouse warming due to the atmosphere, if present, and any internal energy
sources, such as gravitational contraction or tidal heating.

1.1.3 Other Detection Methods

Transit timing variations can be used to detect additional planets in systems where
a transit has already been observed (Agol et al., 2005). The secondary planet will
gravitationally perturb the already detected planet, such that the transit events for
this original planet will occur at a slightly different time to what is expected without a
companion. These variations in transit time can be measured, allowing inference of the
properties of the secondary planet, including its mass (e.g. Nesvorný and Morbidelli,
2008; Ford et al., 2012).

Direct imaging involves the measurement of a planet’s flux, excluding the flux from
the host star. This method is therefore only feasible for large orbital separations (e.g.
Marois et al., 2008) and even then, a coronagraph is often used to block the starlight
to allow the planetary flux to be effectively isolated. Nevertheless, a large planetary
intrinsic flux is essential, hence directly imaged planets are typically young and hot
(e.g. Chauvin et al., 2004).

Other detection methods with lower yields, as shown in Figure 1.1, include mi-
crolensing (e.g. Bond et al., 2004), pulsar timing (e.g. Wolszczan and Frail, 1992), and
astrometry (e.g. Stefánsson et al., 2025).

1.2 Exoplanet Formation and Demographics

1.2.1 Exoplanet Diversity

In Figure 1.3 we show the radius-period distribution for the confirmed exoplanets to
date (from NASA Exoplanet Archive, accessed 14/08/25), and the equivalent mass-
period distribution in Figure 1.4. The solar system planets are also shown. Two
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Fig. 1.3 Exoplanets detected according to their radius and orbital period. This figure
is from the NASA Exoplanet Archive (generated on 14/08/25).

Fig. 1.4 Exoplanets detected according to their mass and orbital period. This figure is
from the NASA Exoplanet Archive (generated on 14/08/25).
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things are important to note from these plots. Firstly, there is a huge diversity of
exoplanets, far beyond those seen in our own solar system. As shown in Figures 1.3 and
1.4, planets with radii > 7 times Jupiter’s radius have been detected, and ∼10 times
Jupiter mass. In Figure 1.3 it can be seen that there is an abundance of exoplanets
with radii intermediate between Earth and Neptune. This population is known as the
sub-Neptune regime, and will be the focus of this thesis. We discuss the sub-Neptune
population further in Section 1.5.

Secondly, it is important to consider the biases and observational limits of the
current detection surveys. As is clear from Figures 1.3 and 1.4, we are yet to push
these limits to detect an Earth-analogue, with an Earth-like mass, radius and orbital
period. As described in Section 1.1, the transit and radial velocity methods are more
conducive to shorter period planets.

The exoplanet population can be broadly categorised based on the planetary bulk
properties. Naturally, these categorisations follow from our understanding of our own
solar system. Further sub-categorising exoplanets requires additional information,
which can be done to first order using the equilibrium temperature.

Rocky Planets. These planets have similar masses and radii to the terrestrial
planets in our solar system. Their bulk properties are consistent with largely rocky
compositions, with only a small proportion of mass contained in volatile layers. Rocky
planets on close-in orbits have the potential to be what is known as a lava world, with
little to no atmosphere and a molten surface (e.g. Léger et al., 2011).

Sub-Neptunes. The sub-Neptune regime spans the radius range not seen in our
own solar system, between the size of Earth and Neptune, ∼1-4 R⊕. This regime covers
a diverse range of possible compositions, from the largely rocky super-Earths, to gas
dwarfs with hydrogen-rich atmospheres, to planets with high water content, such as
mini-Neptunes. Planets in the sub-Neptune regime are the focus of this thesis, and as
such, we will discuss this population further in the following section. As is clear from
Figures 1.3 and 1.4, the sub-Neptune population is the most abundant class of planet
detected to date, particularly with short orbital periods ≲100 days (e.g. Fressin et al.,
2013; Fulton and Petigura, 2018a).

Ice Giants. The ice giant planets have masses and radii similar to those in our solar
system, Neptune and Uranus, which have masses of ∼17M⊕ and ∼14.5M⊕ respectively
and radii of ∼4R⊕. As for the sub-Neptunes, the majority of the ice giants detected
to date have orbital periods ≲100 days. Their interiors are thought to be primarily
composed of ices, including water, ammonia and methane, in addition to some hydrogen
and helium, and a rocky core.
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Gas Giants. The largest class of planet in both mass and radius are the gas giants,
which have comparable bulk properties to Jupiter and Saturn. However, depending
on the level of instellation received from the host star, these planets can have inflated
radii and high equilibrium temperatures – these close-in gas giants are typically known
as hot Jupiters. As we saw in Section 1.1, hot Jupiters are very conducive to transit
and radial velocity observations. The cold gas giants, like Jupiter and Saturn, are on
much wider orbits.

In Figure 1.5 we show the masses and radii of confirmed exoplanets, shown against
mass-radius (M-R) relations from Seager et al. (2007). The exoplanets shown, from
the NASA Exoplanet Archive (accessed 17/07/25), are those with masses and radii
measured to a precision of better than 20%. The M-R curves, as outlined in depth in
Section 1.3.4, are for isothermal planets with compositions of pure H, H2O, MgSiO3

and Fe, and an Earth-like proportion of MgSiO3 (67.5%) to Fe. These relations are a
useful first estimate of a planet’s bulk composition. The population of small Earth-like
planets can be seen in the lower left corner, lying around the M-R curves for rocky
compositions. The largest radius planets are the gas giants, shown to lie close to
or above the pure hydrogen M-R curve. For intermediate density planets, including
sub-Neptunes, those with masses and radii lying above the pure H2O curve but below
the pure H curve, require some proportion of hydrogen to explain their density. M-R
relations and their underlying models are explained in detail in Section 1.3.4.

1.2.2 Planet Formation

The fields of planet formation and exoplanet characterisation are complementary:
through understanding the present-day compositions of exoplanets we can shed some
light on planet formation processes. Of course, up until the discovery of exoplanets,
the only test case for planet formation models was the solar system. We now know
that the diversity of extra-solar systems is vast, with alien configurations including the
high abundance of sub-Neptune planets, and the existence of giant planets on close-in
orbits. Now, planet formation models must explain these varied configurations. These
modelling efforts are aided by today’s technology, providing, for example, observations
of protoplanetary disks and young planetary systems (e.g. Hardy et al., 2015; Banzatti
et al., 2023).

Planet and indeed star formation begins with the collapse of a giant molecular cloud
under its own gravity. This goes on, due to conservation of angular momentum, to form
a protoplanetary disk around the central protostar. Any remaining material in the disk
that is not used in planet formation will later be accreted onto the star, or is ejected
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Fig. 1.5 Masses and radii of exoplanets with mass and radius measured to a precision
of better than 20%. Exoplanet data is from the NASA Exoplanet Archive (accessed
17/07/25). Also shown are mass-radius curves of different compositions from Seager
et al. (2007).

from the system. The precise process of planet formation from the protoplanetary
disk stage is uncertain, with many open questions remaining. The standard model of
this formation process is known as the core accretion model (e.g. Alibert et al., 2005;
Bodenheimer and Pollack, 1986; Pollack et al., 1996; Helled et al., 2014). We will
describe this in terms of three phases:

Phase 1. The planetary core/embryo is formed, consisting of heavy elements. This
forms from the combination of, first, small pebbles and dust grains into planetesimals,
and then of the planetesimals themselves (e.g. Pollack et al., 1996). The result is known
as a planetary embryo if it goes on to form a terrestrial planet, or a planetary core if it
is sufficiently massive to go on to form a giant planet.
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Phase 2. If the mass of the planetary core is sufficiently large, ≳ 2 M⊕, hydrogen
and helium can be accreted from the disk (e.g. Brouwers and Ormel, 2020). This relies
on the formation of the core being sufficiently rapid, with the gaseous protoplanetary
disk still present for gas to be accreted from. If the planet formation process terminates
here, a Neptune or sub-Neptune planet would be formed.

Phase 3. Once sufficient gas has been accreted for the heavy element mass and
the H/He mass to be comparable, the accretion enters a runaway phase. This leads to
the formation of giant planets.

Figure 1.6, adapted from Helled and Morbidelli (2021), shows the planet formation
process described above. The dependence of the evolutionary outcome on the core mass
is shown, along with the variation in the proportion of envelope H/He and metallicity
over time.

There remain, however, many open questions in planet formation. The core accretion
model of planet formation cannot fully explain all aspects of the observed planetary
populations. Orbital migration has been suggested to explain multiple aspects of the
exoplanet population, including the existence of very short-period exoplanets (e.g.
Terquem and Papaloizou, 2007; Cossou et al., 2014), and the observations of planetary
systems with intermediate mass planets in orbital resonance (e.g. Mills et al., 2016;
Tamayo et al., 2017). In-situ formation versus migration remains an active area of study
for different planetary populations (Boley et al., 2016; Pan et al., 2022). Furthermore,
the role of gravitational instability – the process where an overdense region of the
protoplanetary disk undergoes gravitational collapse – in the formation of giant planets
remains uncertain (e.g. Kratter and Lodato, 2016).

Understanding the formation for intermediate mass planets such as Neptunes and
sub-Neptunes remains challenging (e.g. Helled and Bodenheimer, 2014). These planets
are expected to form at larger orbital radii and migrate inwards (e.g. Bitsch et al., 2015;
Venturini and Helled, 2017). If this is the case, they would be expected to contain large
mass fractions of water due to their formation beyond the water ice line (e.g. Venturini
et al., 2020; Bitsch et al., 2021). This could be altered by the formation of a giant
planet beyond the ice line (e.g. Bitsch et al., 2021), blocking water-rich pebbles and
causing the formation of a dry sub-Neptune. The sub-Neptune population has been
observed to contain a bimodality in radius distribution, known as the radius valley
(e.g. Fulton et al., 2017), which will be discussed further in Section 1.5.1. The role of
formation and evolution processes in sculpting the sub-Neptune population remains an
important area of study, and improved constraints on the composition of sub-Neptunes
can help to shed light on such processes.
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Fig. 1.6 Diagram showing planetary growth during core accretion, adapted from Helled
and Morbidelli (2021).

1.3 Planetary Interiors

The interior of the Earth is the best understood planetary interior, primarily due to
the availability of seismic data. The interiors of other solar system planets remain
active areas of study, combining observational data with theoretical models. Our
understanding of Jupiter’s interior, for instance, comes from a combination of gravity
and magnetic field measurements, largely thanks to the Juno mission (e.g. Wahl et al.,
2017; Helled et al., 2022). This data, along with theoretical models, leads to the
inference of a diffuse metal-enriched core, surrounded by metallic hydrogen, with a
hydrogen and helium atmosphere (e.g. Wahl et al., 2017; Helled et al., 2022). In
contrast, Uranus and Neptune have more limited data, which comes from the Voyager
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2 spacecraft, hence limiting the constraints on their interior composition and structure
(e.g. Guillot, 2005; Podolak and Helled, 2012; Helled and Fortney, 2020).

The amount of information available to help constrain the nature of exoplanet
interiors is minimal. For the majority of exoplanets, to make inferences about their
interior conditions, we rely on their bulk properties: the planetary mass Mp, radius Rp

and equilibrium temperature Teq. Internal structure models are used to relate these bulk
properties to the planet’s internal structure parameters, typically the mass fractions of
different materials potentially present in the planet’s interior. Determining the internal
structure is an inherently degenerate problem, with a wide range of compositions able
to explain the bulk density of a given planet. In the era of JWST, the introduction of
atmospheric data can begin to ease the degeneracies in composition.

In this section, we give an overview of internal structure models in the context of
exoplanets, with a focus on sub-Neptunes.

1.3.1 Internal Structure Modelling

The first internal structure models date to the 1960s (Zapolsky and Salpeter, 1969).
In their seminal work, Zapolsky and Salpeter (1969) presented mass-radius (M-R)
relations for zero-temperature spheres of various homogeneous compositions. Their
method integrated the planetary structure equations under the assumption of spherical
symmetry. These equations are for mass continuity:

dR

dM
= 1

4πR2ρ
(1.6)

and hydrostatic equilibrium:

dP

dM
= − GM

4πR4 (1.7)

where R is the radius of a spherical shell which encloses mass M , and ρ and P are the
density and pressure at this R respectively. The density ρ is described by an equation
of state (EOS), typically as a function of pressure and temperature, ρ = ρ(P, T ), with
the pressure and temperature linked by a P -T profile, T = T (P ). In the case of
Zapolsky and Salpeter (1969), they assumed zero-temperature spheres, hence adopting
an isothermal EOS. For this, they used equations of state presented by Salpeter and
Zapolsky (1967), which were derived using a zero-temperature Thomas-Fermi-Dirac
(TFD) model – this will be discussed further below.

For static internal structure models, i.e. non-time evolving, the most significant
differences in modelling procedure tend to arise from the assumptions about the
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equations of state and pressure-temperature profiles. The TFD EOS used by Zapolsky
and Salpeter (1969) is only accurate for extreme pressure conditions where quantum
effects dominate. As we will see in the following sections, the choice of EOS can have
significant impact on inferred internal structures and mass-radius relations.

1.3.2 Planetary Adiabats

There are many potential sources of energy in planetary interiors, including the primor-
dial heat remaining from formation, gravitational contraction, differentiation, phase
transitions, radioactive decay, and tidal heating. It is common for static internal struc-
ture models to assume a vigorously convective interior below some radiative-convective
boundary (e.g. Sotin et al., 2007; Thomas and Madhusudhan, 2016). However, the
validity of this assumption has been questioned based on studies of solar system ice
giants (e.g. Nettelmann et al., 2011; Podolak et al., 2019; Scheibe et al., 2021), due
to compositional gradients and material phase transitions potentially suppressing
convection.

If a planet’s interior is indeed assumed to be vigorously convective, the temperature
structure can be considered adiabatic. The equation for the adiabatic gradient is
written

∇ad = ∂T

∂P

∣∣∣∣∣
S

= αT

ρcp
(1.8)

where cp is the isobaric specific heat capacity, S is the specific entropy, and α is
the volume expansion coefficient, defined as

α = − ∂ ln ρ

∂T

∣∣∣∣∣
P

(1.9)

The variation of α, cp and ρ (or specific volume, V ) with P and T is material
dependent – in addition to an EOS to relate ρ = ρ(P, T ), a prescription for α and cp is
required.

1.3.3 Equations of State and Phase Diagrams

The equations of state (EOS) for materials present in planetary interiors are a key
element of internal structure modelling. For solids, the effect of temperature on the
density is much less than for gases, hence many early studies of planetary interiors
simplified the problem by considering only pressure-dependence in the EOS (e.g.
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Zapolsky and Salpeter, 1969; Seager et al., 2007), i.e. considering V = V (P ) or
ρ = ρ(P ). The simplest isothermal EOS is given directly from the definition of the
bulk modulus, K (Poirier, 2000):

K = − dP

d ln(V ) = dP

d ln(ρ) (1.10)

If infinitesimal strains of hydrostatic pressure are applied to an unstressed solid,
linear elasticity will apply, and hence we can assume a constant value of K. Therefore,
we can set K = K0 and obtain through integration the simple EOS:

V = V0 exp
(

− P

K0

)
(1.11)

This EOS neglects a key effect: the bulk modulus K will increase with pressure.
To take this into account, more complex EOS treatments are used. We will briefly
introduce some of these most common EOS parameterisations used in planetary internal
structure models.

Birch-Murnaghan EOS:
The Birch-Murnaghan (BM) EOS (Birch, 1952) is commonly used for minerals

with high-pressure compression data, often obtained using experiments such as shock
compression or with a diamond anvil cell. This EOS prescription is temperature-
independent, and is often used for solid materials under high pressures where the effect
of pressure on the density dominates over temperature. The fourth-order BM EOS is
written:

P = 3
2K0
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η
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] (1.12)

where η = ρ/ρ0 for ρ0 the ambient density, K
′
0 is the pressure derivative of the

isothermal bulk modulus, and K
′′
0 the second pressure derivative.

Vinet EOS:
For very high pressures, the Vinet EOS (Vinet et al., 1989), derived directly from

an empirical potential, is often used over a BM EOS. This EOS is given by

P = 3K0η
2
3
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1 − η− 1

3
)
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[3
2
(
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′

0 − 1
) (

1 − η− 1
3
)]

(1.13)
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where, again, η = ρ/ρ0, for ρ0 the ambient density. Since the Vinet EOS is derived
by considering interatomic potentials, it more accurately captures the behaviour of
materials under extreme pressure conditions than a BM EOS.

Mie-Grüneisen EOS:
The BM and Vinet EOSs are temperature-independent. To incorporate the addi-

tional effect of temperature a thermal pressure term is often used:

Pth = γ
Evib

V
(1.14)

where the proportionality factor γ is the macroscopic Grüneisen parameter, and
Evib is the vibrational energy. This term can be added to the “cold” EOS:

P (V, T ) = Pcold(V ) + Pth(V, T ) (1.15)

where the “cold” EOS could be, for instance, an isothermal Vinet or BM EOS.
The Mie-Grüneisen thermal pressure can be calculated directly from the vibrational

energy of a solid, under a set of simplifying assumptions known as Debye’s approxi-
mation. However, this cannot be easily determined via experiments. The alternative
formulation using the empirical expression Pth = a + bT (Anderson, 1984) can be used.
By expressing the thermal pressure along an isotherm, the physical meaning of a and b

can be seen,

Pth = −
∫ ΘD

0
αKTdT + αKT(T − ΘD) (1.16)

where ΘD is the Debye temperature. This is valid for T > ΘD with αKT being
temperature-independent.

An example use of a Mie-Grüneisen thermal correction can be seen in Chapter 3,
where we use a Mie-Grüneisen thermal correction to a third-order BM EOS (Thomas
and Asimow, 2013) to describe peridotitic melt.

Thomas-Fermi-Dirac EOS:
The Thomas-Fermi-Dirac (TFD) EOS arises from a first-principles model of the

behaviour of atoms under extreme pressure. In this situation, the material is assumed
to consist of degenerate electron gas. In the Thomas-Fermi model, the pressure arises
due to the electron kinetic energy and Coulomb interactions. The Dirac correction to
this model incorporates the exchange energy due to the Pauli exclusion principle. The
TFD EOS is only valid at extreme pressures, >1 TPa, deep in massive planetary cores,
where any chemical bonding effects can be ignored. It is dependent only on the atomic
number of the material considered.
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Ab-Initio EOS:
Ab-initio, in this context, means “from first-principles”. Ab-initio EOSs are derived

from simulations using fundamental physical laws of molecular dynamics and quantum
mechanics. This method avoids the need for experimentally-derived parameters, which
are difficult to obtain at the high pressures and temperatures deep in planetary interiors.
Electrons are commonly modelled using density functional theory (DFT), i.e. quantum
mechanically treated, at finite temperature. DFT is often used to derive the parameters
for the BM or Vinet EOS at extreme pressures that are difficult to create experimentally.
This method allows the exploration of the exotic behaviour of planetary materials under
extreme conditions, including their phase transitions and miscibility (e.g. Mookherjee
et al., 2008; Santra et al., 2011; Kovačević et al., 2022; Grande et al., 2022; Gupta
et al., 2025).
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Fig. 1.7 Isothermal equations of state for H2O, MgSiO3 and Fe, plotted using the
equations of state from Seager et al. (2007).

In Figure 1.7 we show some examples of isothermal EOSs from Seager et al. (2007),
comprised of EOS parameterisations we have encountered above. These are composite
EOSs: different EOS formulations most applicable to each pressure range are patched
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together to best represent the pressure-dependent behaviour. For instance, for Fe this
is in the form of a Vinet EOS, transitioning to a TFD EOS at high pressures.

Water Phase Diagram and Equation of State

Modelling the interiors of water-rich planets requires an accurate treatment of the
complex phase diagram and associated EOS for water. The phase structure of any H2O
present in the planet’s interior can vary significantly, depending on the temperature
structure of the planetary atmosphere.

In Figure 1.8 we show the phase diagram for pure water, using the phase boundaries
from Dunaeva et al. (2010). At Earth’s atmospheric pressure and below (≲ 1 bar),
water can exist as low-pressure ice, liquid, or vapour. The critical point of water is at
647 K and 221 bar, beyond which it becomes a supercritical fluid. With increasing
pressure, water forms different phases of high-pressure ice. The most relevant to the
interiors of temperate sub-Neptunes are ice VII and ice X. The EOS for water has
been determined across different pressure and temperature conditions experimentally
(e.g. Fei et al., 1993; Knudson et al., 2012; Grande et al., 2022) and using quantum
mechanical simulations (e.g. French et al., 2009). Internal structure models typically
use a composite temperature-dependent EOS that combines different sources across
pressure/temperature space (e.g. Mazevet et al., 2019; Haldemann et al., 2020; Nixon
and Madhusudhan, 2021). The behaviour of water at high-pressures remains an active
area of study (e.g. Grande et al., 2022), with an improved understanding and refined
EOS expected to affect inferred internal structures (e.g. Huang et al., 2021).

Equations of State for Rocky Interiors

Typically, internal structure models of exoplanets assume a silicate composition based
on Earth’s mantle (e.g. Seager et al., 2007; Fortney et al., 2007; Wagner et al., 2012;
Zeng and Sasselov, 2013; Valencia et al., 2013; Madhusudhan et al., 2020). Earth’s
upper mantle is predominantly peridotite, which is composed of multiple minerals,
including enstatite (MgSiO3) and olivine (also known as forsterite, Mg2SiO4) (e.g.
Hirschmann, 2000). These component minerals typically undergo transitions with
increasing mantle depth, forming minerals such as silicate perovskite MgSiO3, also
known as bridgmanite (e.g. Irifune, 1994). Perovskite undergoes a transition to post-
perovskite with increasing pressure and temperature, in the deepest regions of Earth’s
mantle (e.g. Murakami et al., 2004).

Simple approaches are commonly seen in static internal structure models, for
example, considering just one mineral such as silicate perovskite (Seager et al., 2007).
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Fig. 1.8 Water phase diagram, with the solid, liquid, vapour and supercritical phases
shaded and labelled. The phase boundaries used are from Dunaeva et al. (2010).

These EOSs are often isothermal, using experimentally derived parameters for Vinet
and BM EOSs (e.g. Seager et al., 2007), and hence neglect the thermal effects for solid
rock, which have been suggested to have only a small effect on the M-R relation (e.g.
Howe et al., 2014). Other studies, including evolving models, choose to adopt a more
complex approach, considering stable assemblages at each pressure and temperature
(e.g. Stixrude and Lithgow-Bertelloni, 2011).

Encapsulating the possibility of a magma ocean requires an appropriate EOS
incorporating temperature dependence, and a description of the phase transition. The
simplest approach would be to adopt an EOS and melt curve for a single mineral.
Alternatively, the solidus and liquidus of some assemblages, e.g. peridotite, have been
used in some studies (Dorn et al., 2018). Between the solidus and liquidus curves
there will be a region of partial melting, due to the differing melt temperatures of the
composite minerals. The EOS and melt curves of silicates are often extrapolated to
high-pressures relevant to super-Earths and sub-Neptunes, however experimental data
is needed to increase the accuracy of such modelling (e.g. Fei et al., 2021).

Many internal structure models use a temperature-independent Vinet EOS for
hexagonal close-packed iron (e.g. Seager et al., 2007; Zeng and Sasselov, 2013; Nixon
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and Madhusudhan, 2021). Thermal behaviour is also incorporated by some models
using a Mie-Grüneisen thermal correction (e.g. Valencia et al., 2007a; Hakim et al.,
2018). Recent studies have also suggested that iron and silicates may be miscible
in planetary interiors (Young et al., 2024), challenging the typical assumption of
differentiated silicate and iron layers.

1.3.4 Internal Structure Models and Mass-Radius Relations

In the decade before the first detection of a sub-Neptune with the Kepler telescope
(Borucki et al., 2011), a range of planets with properties and structures beyond those
seen in our solar system were suggested. Léger et al. (2004) proposed the existence
of ocean worlds, based on the assumption that planets similar to or less massive
than Uranus and Neptune could have migrated sufficiently close to their host star to
lie within the habitable zone. This study, considering planets with masses 1-8 M⊕,
investigated the internal structures and ocean depths for water-rich interiors. Other
studies around this time considered different potential compositions, producing M-R
relations under various assumptions. For instance, Valencia et al. (2006) produced
M-R relations for rocky super-Earths and super-Mercuries using an internal structure
model that included thermal evolution. This model was then applied to explore the
possible interior of the super-Earth GJ 876 d in Valencia et al. (2007b). In Figure 1.9
we show some examples of M-R relations for a range of different compositions – these
relations were generated using our internal structure model, which will be described in
Section 2.2.1.

Seager et al. (2007) conducted a broad investigation of planetary compositions,
producing M-R relations across a wide mass range. This study built upon the work of
Zapolsky and Salpeter (1969), using EOSs more accurate at lower pressures, ≤1000 GPa.
They considered differentiated compositions more realistic to possible planetary interiors
to produce isothermal M-R relations – some of their resulting M-R relations are shown
in Figure 1.5. In addition to Earth-like and H2O-incorporated compositions, they
showed that the addition of a H/He envelope atop a rocky interior increases the
planetary radius.

Sotin et al. (2007) produced M-R relations for water-rich planets, finding that a
planet with 50% H2O could have a radius 25% larger than for an Earth-like composition.
Valencia et al. (2007a) investigated the degeneracy between rocky and icy compositions
for planets with masses 1−10 M⊕. They showed that planets with radius measurements
with uncertainties better than 5% and mass measurements with uncertainties better
than 10% would allow a distinction between these compositions. However, this study
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Fig. 1.9 Mass-radius (M-R) relations for different compositions, generated using our
internal structure model. The model will be described further in Section 2.2.1. The
Earth-like composition is comprised of 2/3 silicates and 1/3 iron. The 30% and 90%
H2O cases have an Earth-like core and an adiabatic temperature structure in the water
layer, with the surface at 300 K and 1 bar.

did not consider H2/He atmospheres. In their calculations, they found a larger radius
for an Earth-like planet with 50% H2O by mass compared to Sotin et al. (2007).
Valencia et al. (2007a) suggested this was due to their use of a new silicate EOS
following the discovery of the post-perovskite phase of MgSiO3 in Earth’s lower mantle
(Murakami et al., 2004). This demonstrates an early example of the impact that EOS
choice can have on the inferred internal structure, and the long-standing importance of
choosing accurate and up-to-date EOSs motivated by experimental data where possible.
We leave a detailed discussion of internal structure modelling for water-rich interiors
to the following section.

H/He atmospheres were incorporated into internal structure models to investigate
sub-Neptune and Neptune mass planets (e.g. Seager et al., 2007; Adams et al., 2008;
Rogers et al., 2011). Using an evolving model, Fortney et al. (2007) calculated the
radii of planets across a wide mass range, including for H/He-rich gas giants. Rogers
et al. (2011) considered highly irradiated sub-Neptune to Neptune sized planets in an
evolving model, using an analytic temperature profile for the H/He envelope. They
found for a 4-layer differentiated interior that the radii of these planets increased with
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increasing temperature, with the largest radius difference for smaller mass planets.
Valencia et al. (2013) demonstrated using both static and evolving interior models of
GJ 1214b that the radius was most sensitive to the H/He envelope, for which they
found a mass fraction of at most 7%, whilst little could be inferred about the ratio of
H2O/rock.

As evident thus far, most internal structure models considered some combination of
an iron-rich core, a silicate mantle, a water layer, and some atmosphere, often H2/He.
However, the existence of carbon-rich exoplanets was also suggested and explored by a
range of theoretical studies (Lodders, 2004; Kuchner and Seager, 2005; Bond et al.,
2010; Madhusudhan et al., 2011; Öberg et al., 2011; Madhusudhan et al., 2012). For
example, the highly irradiated super-Earth 55 Cancri e was suggested to potentially
have a carbon-rich interior (Madhusudhan et al., 2012), in contrast to previous studies
which suggested the more standard interpretation of a silicate and iron interior with a
supercritical water layer (Winn et al., 2011; Demory et al., 2011; Gillon et al., 2012;
Demory et al., 2012). This was partially motivated by the host star being carbon-rich,
with C/O=1.12±0.19 (Delgado Mena et al., 2010), and metal-rich (Valenti and Fischer,
2005).

There is an inherent degeneracy in internal structure modelling, whereby planets of
identical mass and radius can have vastly different compositions (e.g. Valencia et al.,
2007a; Adams et al., 2008; Rogers and Seager, 2010a; Valencia et al., 2013; Otegi et al.,
2020). This is exacerbated for planets with masses and radii lying above the pure
water M-R curve, with the possible introduction of a H/He layer to explain the bulk
density. One important strategy to eliminate possible compositions is the introduction
of atmospheric data, as we will explore in this thesis. An alternate strategy used
by some studies to attempt to alleviate degeneracies in interior composition uses the
composition of the host star (Dorn et al., 2015, 2017; Brugger et al., 2017; Acuña et al.,
2021; Leleu et al., 2021). Namely, these studies assume the bulk Fe/Si and Mg/Si
ratios of the host star apply also to the planetary composition. Otegi et al. (2020)
found that this does not always give improved constraints on the planetary internal
structure, depending on the values for the stellar abundances. These methods tend
to use Bayesian inference methods to give the relative likelihoods of different interior
scenarios (e.g. Rogers and Seager, 2010a; Dorn et al., 2017). In recent years studies have
additionally begun to explore the use of machine-learning to characterise exoplanet
interiors faster than Bayesian methods (e.g. Baumeister et al., 2020; Haldemann et al.,
2023; Zhao et al., 2023).
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1.3.5 Water-Rich Interiors

As we saw in Section 1.3.3, modelling the interiors of water-rich planets will require
an accurate treatment of the complex phase diagram for water. The work of Léger
et al. (2004) was the first to present models of the interiors of water-rich planets, in
particular with surface oceans. These models considered differentiated layers of an
iron core, silicate mantle and pure water layer, as also adopted by many subsequent
studies (e.g. Sotin et al., 2007; Valencia et al., 2007a; Noack et al., 2016; Thomas
and Madhusudhan, 2016). In their model, H2O ices were described by the EOS of
Hemley et al. (1987), measured for ice VII, as similarly used by subsequent studies
including Sotin et al. (2007) and Seager et al. (2007). Léger et al. (2004) performed
calculations of ocean depths for a water-rich interior scenario, finding this varies with
surface temperature for a fixed planetary mass and water mass fraction. The depths of
oceans on water-rich exoplanets have been explored by a range of subsequent studies
(e.g. Sotin et al., 2007; Alibert, 2014; Noack et al., 2016; Nixon and Madhusudhan,
2021). This will be discussed further in Chapter 2.

In the following decades, the accurate modelling of the complex behaviour of the
water phase diagram and associated EOS was shown to be crucial in understanding the
possible compositions of planets lying above the rocky M-R curves. This is in contrast
to some earlier studies – for instance, Grasset et al. (2009) suggested thermal effects
for water were unimportant, with the water mass fraction the more significant factor.
However, this study assumed a liquid or icy surface, and the presence of water in the
vapour or supercritical phases would have a substantial effect on the inferred radius
for a given planetary mass and water mass fraction (e.g. Thomas and Madhusudhan,
2016; Nixon and Madhusudhan, 2021; Aguichine et al., 2021).

Thomas and Madhusudhan (2016) conducted a study into the internal structures of
water-rich super-Earths – these would now more commonly referred to as sub-Neptunes,
given a significant volatile fraction would be required to explain the planetary bulk
density. In this study, they included an extensive treatment of the water phase diagram
and EOS, using a composite EOS for those valid for different phases and/or regions
of P -T space, to incorporate thermal effects. This approach to use a composite,
temperature-dependent EOS for the treatment of water in planetary interiors has
become the standard (e.g. Mazevet et al., 2019; Haldemann et al., 2020; Nixon and
Madhusudhan, 2021). Accounting for the thermal behaviour of H2O for water-rich
sub-Neptunes was shown to have a significant effect on the resulting planetary radius.
Varying the surface temperature between 300 K and 1000 K for a surface pressure of
100 bar, Thomas and Madhusudhan (2016) showed that this can cause a 25% difference



1.4 Exoplanet Atmospheres 23

in radius, assuming 30% H2O by mass above an Earth-like rocky core. The inclusion of
vapour and supercritical layers, considering adiabatic temperature structures, has the
largest impact on the planetary radius. Steam-dominated atmospheres, proposed some
decades before (Kuchner, 2003), have been shown by other studies to inflate the radius
of irradiated sub-Neptunes, suggesting that a H2-rich envelope may not be necessary
to explain the large radii of these sub-Neptunes (Mousis et al., 2020; Aguichine et al.,
2021).

The wide diversity of water-rich sub-Neptune interiors was also subsequently ex-
plored by Nixon and Madhusudhan (2021). Building on the work of Thomas and
Madhusudhan (2016), they additionally included the effect of an H2/He atmosphere
atop the water-rich interior, along with the potential for mixed H2/H2O envelopes.
It has been shown that H2O and H2 are expected to be fully miscible across a wide
pressure/temperature range, relevant to warm planetary atmospheres (e.g. Soubiran
and Militzer, 2015; Gupta et al., 2025).

As discussed in Section 1.3.3 the H2O EOS is not well known at high-pressures.
Recently, studies have proposed the existence of a new phase of high-pressure ice,
known as ice VIIt (Grande et al., 2022). Considering this new data, Huang et al.
(2021) investigated the effect of H2O EOS choice on the inferred planetary radius.
Their results indicated that the radii of water-rich planets may be larger than previous
models suggested. To verify this, further study is required into the properties of ice
VIIt and its phase boundary with ice X, as currently the EOS for ice VIIt is only
constrained at 300 K.

1.4 Exoplanet Atmospheres

Revealing information about exoplanet interiors requires a deep knowledge of the
planet’s atmosphere, through both observation and theory. Figure 1.10 from Mad-
husudhan (2019) summarises the atmospheric processes taking place and the regions
probed by different wavelengths of atmospheric observation, in addition to some pos-
sible temperature structures. In the following, we will outline some key atmospheric
processes and observational methods relevant to the study of sub-Neptune interiors.
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Fig. 1.10 Diagram from Madhusudhan (2019), showing an overview of the atmospheric
processes, possible temperature structures, and chemical species in the atmospheres
of exoplanets. The temperature structures show examples of a thermal inversion
which could occur for a highly irradiated planet, the equivalent without a thermal
inversion, and an example for a poorly irradiated planet. The regions of the atmosphere
probed by different wavelengths are also shown, along with some chemical species that
these observations would be sensitive to. JWST probes exoplanet atmospheres in the
infrared.

1.4.1 Atmospheric Observation

Transmission Spectroscopy

In transmission spectroscopy, the exoplanet is observed during its primary eclipse, such
that some light from the host star is able to pass through the planetary atmosphere.
During primary transit, an annulus of planetary atmosphere is probed. For a tidally-
locked planet with a permanent day and night side, transmission spectroscopy probes
the region called the terminator, which is the boundary between the day and night sides.
The wavelength dependence of light absorption by different chemical species in the
planet’s atmosphere results in a wavelength dependence to the light transmitted through
the atmosphere. At wavelengths that are readily absorbed, the atmosphere appears
more opaque, resulting in a larger transit depth. Therefore, at these wavelengths the
transit depth, ∆, will now correspond to an apparent radius R′

p = Rp + H(λ), for H(λ)
the effective height of the atmosphere at a given wavelength λ. If we now include an
atmosphere in Equation 1.2, the transit depth can be written
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∆(λ) ≈
(

Rp + H(λ)
R⋆

)2

≈
(

Rp

R⋆

)2
+ 2H(λ)Rp

R2
⋆

(1.17)

where (H/R⋆)2 has been neglected since H << Rp, R⋆.
The effective atmospheric height H depends on the vertical extent of the atmosphere

and the abundance of absorbing species in the atmosphere. The vertical extent can
be described by the scale height, Hsc, which can be found by considering hydrostatic
equilibrium in an isothermal atmosphere,

dP

dz
= −ρg (1.18)

where P is the pressure, z is the height, ρ is the density and g is the surface gravity,
assumed to be constant. The pressure can be expressed using the ideal gas law,

P = kBρT

µ
(1.19)

where µ is the mean molecular weight and kB is the Boltzmann constant. Combining
these equations results in an expression for the scale height:

Hsc = kBT

µg
(1.20)

Spectral features in a transmission spectrum are largest for low mean molecular
weight atmospheres and low surface gravities, i.e. for large, hot planets, such as hot
Jupiters. Large planets have historically been the focus for transmission spectroscopy
studies, with the first transmission spectroscopy observations of the hot Jupiter HD
209458 b using HST (Charbonneau et al., 2002).

In this thesis, to inform our internal structure modelling we will be largely concerned
with the findings from transmission spectra of sub-Neptunes. In Figure 1.11 we show
an example of such a transmission spectrum for the hydrogen-dominated atmosphere of
the temperate sub-Neptune K2-18 b from Madhusudhan et al. (2023b). This spectrum
was obtained using two transits, one observed with each of JWST NIRISS SOSS and
NIRSpec G395H, spanning 0.8-5.2 µm. A summary of sub-Neptune observations using
JWST will be provided in Section 1.5.4.

Emission Spectroscopy

In emission spectroscopy, the planet is observed when it is close to secondary eclipse.
In this configuration, the planet’s dayside is visible to the observer, while during
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Fig. 1.11 Figure from Madhusudhan et al. (2023b), showing the transmission spectrum
of the temperate sub-Neptune K2-18 b. The spectral data (binned for clarity) taken
with NIRISS and NIRSpec G395H are shown alongside the retrieved model fit. The
retrieved spectrum is shown in blue, and the contours show the 1σ and 2σ intervals.

secondary eclipse, only the stellar spectrum is visible. Therefore, by taking the ratio of
the detected flux just before and during secondary eclipse, the emission spectrum of
the planet can be obtained. The ratio of this flux can be expressed fp/f⋆, and can be
approximated by assuming both stellar and planetary emission to be blackbodies:

fp

f⋆

=
R2

p

R2
⋆

Bλ(Tp)
Bλ(T⋆)

(1.21)

where T⋆ is the effective stellar temperature, Tp is the effective temperature of the
planet’s dayside and Bλ(T ) is the Planck function:

Bλ(T ) = 2hc2

λ5
1

e(hc/λkBT ) − 1 (1.22)

where h is the Planck constant and c is the speed of light. The Planck function
describes the spectral radiance at a given wavelength λ for a blackbody with temperature
T .

From Equation 1.21 it can be seen that the flux ratio will be greater for large, hot
planets. It can also be inferred that the flux ratio will be larger at longer wavelengths,
since Bλ(Tp) peaks at a longer wavelengths than Bλ(T⋆), owing to T⋆>Tp. In the very
long wavelength limit, the Rayleigh Jeans approximation can be used. In this case,
λ >> hc/kBTp such that the observed flux ratio is well approximated by

fp

f⋆

→
R2

pTp

R2
⋆T⋆

(1.23)

i.e. a constant value.
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Approximating the star and planet as blackbodies is, however, not a perfect
assumption. In reality, the presence of chemical species in the planetary atmosphere
will cause spectral features that deviate from the blackbody spectrum, especially for
non-isothermal atmospheres, allowing for constraints on the atmospheric composition
to be placed. Early examples of this were carried out for hot Jupiters (e.g. Barman,
2008; Charbonneau et al., 2008; Grillmair et al., 2008; Kreidberg et al., 2014b), and
recently has been shown to be possible for terrestrial planets with JWST (e.g. Xue
et al., 2024). Additionally, emission spectroscopy is an important tool for determining
the temperature structure in the atmosphere (e.g. Haynes et al., 2015; Evans et al.,
2017).

Phase Curve Observations

A phase curve observation entails measuring the radiation emitted from a planet
throughout its orbit (e.g. Harrington et al., 2006; Knutson et al., 2007; Snellen et al.,
2009; Crossfield et al., 2010). The planet does not have to transit to be observed via
this method, however this technique is often used for transiting planets in tandem with
emission and transmission spectroscopy. Phase curve observations can be photometric
(e.g. Snellen et al., 2009), or, more informatively, spectroscopic (e.g. Stevenson et al.,
2014). Phase curve spectroscopy permits longitudinal mapping of the temperature
structure, composition and cloud/hazes in the planetary atmosphere. With JWST,
phase curve observations have been made for a range of exoplanets, from hot Jupiters
(e.g. Bell et al., 2024) to sub-Neptunes (e.g. Kempton et al., 2023).

High Resolution Ground-Based Spectroscopy

High resolution spectroscopy can be conducted for both transiting and non-transiting
exoplanets, using ground-based telescopes (e.g. Snellen et al., 2010; Birkby et al.,
2013; Brogi et al., 2018). This method involves observing the star/planet system
throughout the orbit, allowing planetary spectral features to be identified due to
the Doppler shift between the star and planet. Typically the analysis is conducted
using a cross-correlation technique (e.g. Brogi et al., 2018). Historically, ground-based
high-resolution spectroscopy was limited to large planets, of around Jupiter’s mass
(e.g. Snellen et al., 2010; Birkby et al., 2013; Brogi et al., 2018; Pelletier et al., 2023;
Nortmann et al., 2025). However, recently it was shown that these techniques can
be successfully applied to smaller mass planets, of Neptune mass (Dash et al., 2024;
Grasser et al., 2024) down to sub-Neptune mass (Cabot et al., 2024; Parker et al.,
2025).



28 Introduction

1.4.2 Atmospheric Processes and Modelling

Energy Transport

For an irradiated planet, the sources of energy in the atmosphere are the radiation
from the host star and the internal energy from the deep planetary interior – the latter
was discussed in Section 1.3. Energy is also lost to space through escaping radiation.

Within the atmosphere, the transport of energy predominantly takes place by
radiative or convective transport. Which of these mechanisms dominates depends on
a key property, the optical depth τv. This describes how much the radiation will be
affected by the atmospheric composition, and is defined as

τv(z0) = −
∫ ∞

z0
(κv + σv)ρ dz (1.24)

where κv is the absorption cross-section per unit mass, σv is the scattering cross-
section per unit mass, and z is the altitude. τv is low in the upper regions of the
planetary atmosphere, where the density is lower. Radiative energy transport will
typically occur in these regions. In contrast, τv is high in the deeper regions of the
atmosphere, where the density is higher. These optically-thick regions have inefficient
radiative energy transport, hence convection tends to dominate. The conditions for
convection are described in terms of the Schwartzchild criterion:∣∣∣∣∣d ln T

d ln P

∣∣∣∣∣ ≥ γ − 1
γ

(1.25)

where here γ = cp/cv for cp and cv the specific heat capacities at constant pressure
and volume. The radiative-convective boundary is the region of the atmosphere where
the dominant energy transport mechanism changes from radiative to convective.

However, there are conditions where convection is prevented from occurring. This
can occur when there’s a compositional gradient due to, for instance, condensation
in the atmosphere. In the case of hydrogen-dominated atmospheres, the presence of
sufficient water vapour in the atmosphere can inhibit convection, forming a super-
adiabatic layer near the surface (Guillot, 1995; Leconte et al., 2017; Markham et al.,
2022; Leconte et al., 2024). This occurs because condensing water increases the mean
molecular weight of a warm, rising air parcel, reducing the buoyancy of the parcel,
and stopping it rising. Such cases of convective inhibition have been suggested to be
relevant for hycean worlds, depending on the planetary albedo (e.g. Innes et al., 2023;
Leconte et al., 2024). The albedo is significantly driven by clouds and hazes, which
can have a substantial impact on the atmospheric temperature structure.
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Self-consistent one-dimensional atmospheric models can be used to calculate the
pressure-temperature structure in a planetary atmosphere, based on the energy sources
and atmospheric composition (e.g. Malik et al., 2017; Gandhi and Madhusudhan, 2017;
Piette and Madhusudhan, 2020). These models typically solve the equations for radia-
tive transfer under radiative-convective, thermochemical, and hydrostatic equilibrium.
Three-dimensional general circulation models (GCMs), which solve fundamental fluid
dynamics and thermodynamics equations, are also used to study atmospheric dynamics
and convection (e.g., for sub-Neptunes, Christie et al., 2022; Innes et al., 2023; Barrier
and Madhusudhan, 2025).

Atmospheric Chemistry

The most simplistic treatment of atmospheric chemistry is under the assumption of
thermochemical equilibrium. In this scenario, the chemical abundances are determined
by the minimisation of the Gibbs free energy, and hence depend on the temperature
structure and the elemental abundance ratios. However, this is only a reasonable
approximation for the hottest exoplanets, such as hot Jupiters, or in the deeper, hotter
regions of thick envelopes (e.g. Venot et al., 2012; Madhusudhan et al., 2016).

There are a variety of disequilibrium processes in exoplanet atmospheres that
shift the composition from thermochemical equilibrium, including photochemistry
(e.g. Miller-Ricci Kempton et al., 2012; Hu et al., 2012; Moses, 2014), vertical mixing
and quenching (e.g. Visscher and Moses, 2011; Line et al., 2011; Madhusudhan and
Seager, 2011), and atmospheric escape (e.g. Moses et al., 2011; Luger and Barnes, 2015).
Vertical mixing can take place in planetary atmospheres via molecular diffusion and eddy
diffusion; the latter is parameterised by Kzz, the eddy diffusion coefficient. This can
transport chemical species produced in the deep atmosphere to the upper atmosphere.
The process of “quenching” describes where this occurs faster than the thermochemical
processes in the cooler, upper atmosphere (e.g. Moses, 2014). Photochemistry, caused
by ionising radiation from the planet’s host star, can significantly affect the composition
of the high-altitude atmosphere, which can result in the breakdown of chemical species,
depleting them, and the formation of new species from the reaction products.

Haze particles are often formed through photochemistry (e.g. Trainer et al., 2006;
He et al., 2018), while clouds are formed by condensation. For sub-Neptunes, the
properties of clouds and hazes can have significant effect on the atmospheric temperature
structures (e.g. Morley et al., 2015; Piette and Madhusudhan, 2020), in addition to
affecting the observed transmission spectra (e.g. Kreidberg et al., 2014a; Kawashima
et al., 2019; Constantinou and Madhusudhan, 2022).
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Fig. 1.12 Schematic of possible atmosphere-interior interaction processes relevant to
sub-Neptunes.

For exoplanets with a distinct surface, interactions between the surface and atmo-
sphere may have a significant impact on the atmospheric chemistry. Figure 1.12 shows
a schematic of some of these processes. Outgassing of volatiles from a planet’s interior
has been studied extensively in the context of small, rocky planets (e.g. Kite et al.,
2016; Schaefer and Fegley, 2017), forming secondary atmospheres. The dissolution of
chemical species from the atmosphere into the interior becomes important for non-inert
surfaces such as a magma ocean or liquid water ocean. Interactions between a magma
ocean and the atmosphere have been considered for terrestrial atmospheres (Schaefer
et al., 2016; Schaefer and Fegley, 2017; Daviau and Lee, 2021; Gaillard et al., 2022; Tian
and Heng, 2024) and hydrogen-rich atmospheres (Kite et al., 2019, 2020; Schlichting
and Young, 2022; Misener et al., 2023; Charnoz et al., 2023; Falco et al., 2024; Shorttle
et al., 2024; Tian and Heng, 2024). The exchange of chemical species with a liquid
water ocean has not been extensively studied beyond Earth-like scenarios.

In addition to signatures of surface-atmosphere interactions, the presence of a
shallow surface can be inferred by the presence or lack of chemical species being
recycled in the deep atmosphere (e.g. Yu et al., 2021; Hu et al., 2021; Tsai et al.,
2021). Thermochemical equilibrium in the deep atmosphere can recycle photochemical
products of, for instance, CH4 and NH3 back to these forms. Whereas, in the presence
of a shallow surface this replenishment may not be able to take place.
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Atmospheric Retrieval

Atmospheric retrievals are a method to infer atmospheric properties from spectroscopic
data of a planetary atmosphere (Madhusudhan and Seager, 2009). A parametric
forward model is used to describe the atmosphere, which is coupled to a Bayesian
parameter estimation algorithm that determines the posterior probability distributions
for the parameters of this model. In current retrieval codes, the Bayesian parameter
estimation is often carried out using the Nested Sampling algorithm (Feroz et al., 2009).
For transmission spectra, the commonly retrieved variables are the abundances of the
included chemical species, parameters describing the atmospheric pressure-temperature
profile, parameters to model clouds and hazes, and the planetary radius or reference
pressure (e.g. MacDonald and Madhusudhan, 2017; Pinhas et al., 2018; Mollière et al.,
2019; Al-Refaie et al., 2021; Constantinou and Madhusudhan, 2024). The forward-
model component of the retrieval can additionally be used to produce transmission
spectra for different atmospheric compositions. This is useful for making predictions
for future observations allowing the generation of simulated data on which a retrieval
could be performed (e.g. Greene et al., 2016; Mollière et al., 2017; Constantinou and
Madhusudhan, 2022).

1.5 Sub-Neptune Exoplanets

In this thesis, we will use the term “sub-Neptune regime” to refer to the whole
population of planets between the size of Earth and Neptune, ∼1-4 R⊕, including
super-Earths and sub-Neptunes. There is some inconsistency in the literature, with
“sub-Neptune” and “mini-Neptune” sometimes used interchangeably (e.g. as pointed
out by Bean et al., 2021). In this thesis, we use “mini-Neptune” to refer to water-rich
sub-Neptunes with no distinct surface, with “sub-Neptune” encompassing the broader
range of possible volatile-rich interiors.

Planets in the sub-Neptune regime are the most abundant class of exoplanets that
have been detected to date (e.g. Fressin et al., 2013; Fulton and Petigura, 2018a). With
no analogue in the solar system, sub-Neptune planets provide a unique window into
planetary formation and evolution processes. The densities of these planets span a
wide range of potential interior compositions, varying in mass fractions of volatiles
including water and hydrogen. Sub-Neptunes have gained significant attention in
recent years due to being larger and hence typically more conducive to detection and
atmospheric observation than Earth-like exoplanets (e.g. Madhusudhan et al., 2020).
Hydrogen-rich, low mean molecular weight (MMW) atmospheres in particular are easier
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to observe through techniques such as transit spectroscopy. As shown in Section 1.4.1,
the atmospheric scale height is larger for these lower MMW atmospheres, which results
in greater amplitude spectroscopic features in a planetary transmission spectrum.

1.5.1 Radius Valley

A key feature of the sub-Neptune population is the radius valley: the observed dearth
of planets with radii ∼1.5 − 2.0 R⊕, which was revealed in the Kepler population,
after accounting for observational biases (Fulton et al., 2017; Fulton and Petigura,
2018b). The bimodal distribution in radius was found to have a minimum around
1.8 R⊕ (Fulton et al., 2017), with the location of the radius valley varying with orbital
period (e.g. Van Eylen et al., 2018). The radius valley position has also been shown
to vary with host star mass, whereby the distribution shifts to smaller radii for lower
mass stars (Fulton and Petigura, 2018a; Cloutier and Menou, 2020).

Fig. 1.13 Corrected histogram of planetary radii with orbital periods less than than
100 days. The dashed line show the best-fit spline model. This figure is adapted from
Fulton et al. (2017).

The small radius population is widely accepted to be mostly rocky super-Earths
with a secondary atmosphere or no atmosphere (e.g. Owen and Wu, 2013; Venturini
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et al., 2020). The nature of the sub-Neptune population remains debated, with two
broad categories of explanation. The first explanation relies on mechanisms for loss
or retention of the primary H/He atmosphere (e.g. Owen and Wu, 2017; Gupta and
Schlichting, 2019, 2020; Rogers and Owen, 2021). We will refer to this as the gas dwarf
hypothesis. The second explanation suggests an inherent difference in composition,
with the larger radius planets possessing significant water mass fractions (e.g. Zeng
et al., 2019; Mousis et al., 2020). We will refer to this as the water world hypothesis.

In the gas dwarf hypothesis, the rocky super-Earth population and the larger sub-
Neptune population both formed from progenitors that had accreted thick H2-dominated
atmospheres on formation (e.g. Lee et al., 2014; Ginzburg et al., 2016). Atmospheric
escape processes then differentially shape the population, with the envelopes of smaller
mass planets closer to their stars stripped, producing super-Earths. There are a number
of possible contributing mass loss mechanisms: boil-off (Owen and Wu, 2016; Ginzburg
et al., 2016), core-powered mass loss (e.g. Ginzburg et al., 2018; Gupta and Schlichting,
2020) and photoevaporation (e.g. Owen and Wu, 2013; Lopez and Fortney, 2013).
In earlier works, these mechanisms had been considered in isolation. For instance,
photoevaporation was explored in numerous studies (e.g. Owen and Wu, 2013, 2017;
Rogers and Owen, 2021). In this mechanism, planets with thick H/He envelopes evolve
towards a stability point, and planets with envelopes thinner than this undergo runaway
loss via photoevaporative erosion. Studies similarly considered core-powered mass loss,
where the planet’s retained energy from formation drives atmospheric loss (Ginzburg
et al., 2018; Gupta and Schlichting, 2020). Recent work has investigated the combined
effect of photoevaporative and core-powered mass loss (Owen and Schlichting, 2024),
suggesting that the former dominates for higher gravity planets with lower Teq and the
latter dominates for lower gravity and higher Teq.

In the water world hypothesis, the super-Earth population and the sub-Neptune
population form via distinct pathways: the rocky population forms in the inner
protoplanetary disk, while the larger sub-Neptune population forms beyond the water
ice line. This population beyond the ice line hence accretes large volumes of ice, before
migrating inwards (e.g. Mordasini et al., 2009; Venturini et al., 2016; Zeng et al., 2019;
Mousis et al., 2020; Burn et al., 2024). It has been predicted that water worlds may be
more prominent around M dwarfs than more massive stars, due to the proximity of
the water-ice line to the star, potentially providing more ices for forming sub-Neptunes
close to their observed orbital radii. This is, however, yet to be confirmed through
observations (Rogers et al., 2023; Ho et al., 2024).
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Modelling efforts for the competing hypotheses show that both can reproduce many
aspects of the observed population. This includes trends across planetary mass, radius,
orbital period, and stellar mass (e.g. Gupta and Schlichting, 2019; Rogers and Owen,
2021; Burn et al., 2024). Studies have also suggested a combination of both mass
loss and water-richness may be required to explain the sub-Neptune population (e.g.
Venturini et al., 2020). Gaining conclusive observational evidence for either mechanisms
is challenging to obtain, given the vast uncertainties in the characterisation of exoplanet
interiors. Rogers (2025) suggests the characterisation of young sub-Neptunes as a
pathway to distinguishing the gas dwarf and water world hypotheses for this population,
through their differing mean molecular weight atmospheres at early ages.

1.5.2 Compositional Degeneracy of Sub-Neptunes

In Section 1.3.4 we introduced the concept of compositional degeneracy, whereby planets
of identical mass and radius can have vastly different compositions (e.g. Valencia et al.,
2007a; Rogers and Seager, 2010a; Valencia et al., 2013; Otegi et al., 2020). For sub-
Neptunes, where the bulk density requires some amount of water and/or hydrogen,
there are a wide range of possible compositions with varying fractions of volatiles.

In Figure 1.14 we show the M-R diagram from Madhusudhan et al. (2020) for the
temperate sub-Neptune K2-18 b. Prior to this study, it had been established that the
atmosphere of K2-18 b was hydrogen-dominated via transmission spectroscopy with
the Hubble Space Telescope (HST) (Benneke et al., 2019; Tsiaras et al., 2019). Using
this data and their internal structure model, Madhusudhan et al. (2020) established
that the atmospheric and bulk properties of K2-18 b were consistent with a wide range
of interior compositions and surface conditions. These included a water-poor gas dwarf
scenario (Case 1 in Figure 1.14), a mini-Neptune scenario (Case 2), and a water-rich
scenario with a thin H2-rich atmosphere overlying an ocean (Case 3). Case 3 was
the impetus for the proposal of the new class of sub-Neptune, hycean worlds, which
will be discussed in depth in Section 1.5.3. Figure 1.14 is a useful demonstration of
the compositional degeneracy of temperate (Teq ≲ 400 K) sub-Neptunes, with these
three demonstrative cases equally able to fit the median mass and radius of K2-18 b.
The possible compositions are, of course, even more numerous when considering the
uncertainties in the measured mass and radius.

In Figure 1.15 we show cross-sections for some possible sub-Neptune interiors,
including mini-Neptune, hycean world, and gas dwarf scenarios. In this thesis we will
explore these classes of interior in more detail.
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Fig. 1.14 Mass-radius (M-R) relations that match the mass and radius of K2-18 b,
shown by the black data point. These are shown alongside some homogeneous M-R
relations. Exoplanets with Teq ≤ 1000 K and masses and radii known to better than
3σ are also shown in grey. This figure is from Madhusudhan et al. (2020).

The work of Madhusudhan et al. (2020), establishing the possible surface conditions
for each interior scenario – which were, in this case, the pressure, temperature and
phase of water – showed one example of a connection between atmospheric and
interior modelling based on observational data. Connecting sub-Neptune atmospheric
observations, atmospheric models and interior models will be a consistent theme
throughout this thesis, as a crucial mechanism for easing structural degeneracies.

1.5.3 Habitability in the Sub-Neptune Regime

The habitability of a planet refers to the potential for it to host conditions suitable
for life. At a minimum, this is generally considered to include the maintenance of
liquid water, an energy source, and a source of nutrients. Naturally, our considerations
of life’s requirements are based on our own planet – we have no other data point.
Studies have long considered the habitability of rocky planets, i.e. Earth-like planets
or super-Earths (e.g. Kasting et al., 1993; von Bloh et al., 2007; Heller and Armstrong,
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Fig. 1.15 Cross-sections of possible classes of interior for sub-Neptunes. These include
hycean worlds, mini-Neptunes, and gas dwarfs. The planetary layers are shown as fully
differentiated and not to scale, for visual clarity.

2014; Meadows and Barnes, 2018). Typically, these studies require the planet to possess
liquid water in contact with rock, which on Earth is necessary for silicate weathering to
maintain the carbonate-silicate cycle, an important process in climate regulation (e.g.
Rushby et al., 2018). Considerations of water-rich super-Earths by extension therefore
assumed rock/water contact a necessity for habitability (e.g. Alibert, 2014; Noack et al.,
2016). In recent years, studies of habitability and the search for biosignatures have
broadened to include exoplanets with more varied conditions, including the presence of
high-pressure ice layers (e.g. Kalousová and Sotin, 2018; Hernandez et al., 2022; Lebec
et al., 2023; Madhusudhan et al., 2023a) and hydrogen-dominated atmospheres (e.g.
Pierrehumbert and Gaidos, 2011; Madhusudhan et al., 2021), both of which are highly
relevant to the sub-Neptune regime.

Habitable Zones

The habitable zone (HZ) describes the range of orbital distances around a host star
where a planet is able to sustain liquid water, and provides a useful first estimate of
whether a planet could host habitable conditions. In their seminal work, Kasting et al.
(1993) used a one-dimensional climate model to calculate the extent of the HZ as a
function of host star spectral type. It was shown that the HZ for M dwarf stars is
smaller and closer in than for Sun-like stars (Kasting et al., 1993). This calculation was
performed for N2/CO2/H2O atmospheres – i.e. high MMW, Earth-like atmospheres –
and the result is known as the classical HZ. The inner edge of the HZ is determined
by the runaway greenhouse effect causing ocean evaporation, while the outer edge is
determined by CO2 condensation. The continuous HZ takes into account the evolution
of the host star in the extent of the HZ over time, which is an important concept for
assessing whether a planet will remain in the HZ for a sufficiently long time to sustain
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life. For smaller, cooler stars than our Sun, the HZ is closer to the host star, with a
longer-lived continuous HZ (Kasting et al., 1993).

Pierrehumbert and Gaidos (2011) considered an extension to the classical HZ by
considering hydrogen-rich atmospheres. In this scenario, collision-induced absorption
means that hydrogen acts as an effective greenhouse gas, and can allow the maintenance
of surface temperatures that would allow liquid water to exist on a rocky surface at
much wider orbits. Below, in Section 1.5.3, we will discuss another development to the
classical HZ, which considers a hydrogen-rich atmosphere atop a surface water ocean
with a water-rich interior – i.e. a hycean world.

Hycean Worlds

As discussed above, coupling atmospheric and internal structure models for the temper-
ate sub-Neptune K2-18 b showed that this planet could host a liquid water ocean at its
surface beneath the H2-rich atmosphere (Madhusudhan et al., 2020). This prompted
the conceptualisation of hycean worlds – a class of sub-Neptune with habitable pres-
sure and temperature liquid water oceans beneath thin hydrogen-rich atmospheres
(Madhusudhan et al., 2021).

In their seminal work, Madhusudhan et al. (2021) showed that hycean worlds could
broaden the conditions for habitability, in both planetary radius and orbital distance
(i.e. the HZ). The M-R plane for hycean worlds was calculated using an internal
structure model, through a similar approach to that used for K2-18 b (Madhusudhan
et al., 2020). The calculation considered masses in the range 1 − 10 M⊕, and H2O
mass fractions (xH2O) from 10 − 90%. 10% was chosen as the minimum to allow for a
H2O reservoir that would have withstood photodissociation and atmospheric escape
over Gyr timescales. The planetary surface is defined as the interface between the H2

atmosphere and the H2O layer, referred to as the H2/H2O boundary or HHB. Habitable
HHB conditions were considered to be THHB between 300 − 400 K and PHHB from
1 − 1000 bar, motivated by the range of conditions that host life on Earth (Rothschild
and Mancinelli, 2001; Merino et al., 2019). The resulting M-R plane from Madhusudhan
et al. (2021) is shown in Figure 1.16. The radii of hycean planets are shown to span
from ∼ 1 R⊕ up to 2.6 R⊕, for masses 1 − 10 M⊕. The upper boundary of the hycean
M-R corresponds to the largest radius for a given mass – i.e. the largest H2O mass
fraction and the thickest H2 envelope that allows for habitable surface conditions. In
this calculation, this is xH2O = 90% with THHB = 400 K and PHHB = 3 bar. Meanwhile,
the lower boundary corresponds to the smallest radius for a given mass – i.e. the
smallest xH2O and the thinnest H2 envelope that allows for habitable surface conditions.
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In this calculation, this is xH2O = 10%, THHB = 300 K and PHHB = 1 bar. In all cases,
the composition of the rocky layers below the water layer was assumed to be Earth-like,
with 67% by mass in silicates.

The extent of the hycean HZ was calculated for stellar types ranging from Sun-like
to M dwarfs. The inner boundary represents the limiting conditions for a habitable
pressure and temperature liquid water ocean to be present at the planetary surface.
This was found to correspond to equilibrium temperatures (Teq) up to ∼430 K, with
the higher values of Teq possible for cooler stars. The outer boundary was found to be
arbitrarily large, due to the effectiveness of hydrogen as a greenhouse gas. We show the
hycean HZ from Madhusudhan et al. (2021) in Figure 1.17. This plot shows the HZ for
two further potential categories of hycean world, in addition to the standard case as
described thus far. The dark hycean case has inefficient day-night redistribution, such
that the nightside of higher Teq planets could host habitable conditions. Cold hyceans
are those with no stellar irradiation, i.e. with large orbital radii or free-floating planets.

Fig. 1.16 Hycean mass-radius plane from Madhusudhan et al. (2021). The mass-radius
relations are from Seager et al. (2007). The data points show planets with equilibrium
temperatures <600 K

Madhusudhan et al. (2021) identified 11 hycean candidates, based on their mass,
radius and equilibrium temperature. This list has been extended as more sub-Neptunes
have been detected (e.g. TOI-1468 c, Chaturvedi et al., 2022). In recent years, the
first JWST transmission spectra have been observed for hycean candidates. Atmo-
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Fig. 1.17 Hycean habitable zone as a function of stellar mass. The turquoise represents
the hycean habitable zone. The purple shows the extended habitable zone for cold
hyceans, i.e. free-floating planets. The red shows the dark hycean habitable zone,
where only the nightside hosts habitable conditions. This figure is from Madhusudhan
et al. (2021).

spheric retrievals on these observations have revealed detections of carbon-bearing
molecules including CH4 and CO2 (e.g. Madhusudhan et al., 2023b; Holmberg and
Madhusudhan, 2024; Benneke et al., 2024). The large atmospheric scale height of
their hydrogen-rich atmospheres make hycean candidates promising candidates for de-
tailed atmospheric characterisation in this way, including the potential for biosignature
detections (Madhusudhan et al., 2021, 2023b, 2025).

1.5.4 JWST Observations of Sub-Neptunes

Multiple sub-Neptunes have so far been observed with JWST. We showed one example
of a near-infrared (NIR) JWST transmission spectrum of a temperate sub-Neptune
in Section 1.4.1, for K2-18 b from Madhusudhan et al. (2023b). This study reported
detections of CH4 and CO2, along with non-detections of CO, H2O and NH3, which
have been confirmed by additional NIR observations (Hu et al., 2025). K2-18 b has
also been observed with MIRI (Madhusudhan et al., 2025). Based on both the NIR
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and MIR observations, the possible presence of additional absorbing species has also
been investigated (Madhusudhan et al., 2023b, 2025; Welbanks et al., 2025; Luque
et al., 2025; Pica-Ciamarra et al., 2025). Other temperate sub-Neptunes observed with
JWST include TOI-270 d (Benneke et al., 2024; Holmberg and Madhusudhan, 2024),
which will be the focus of Chapter 4 of this thesis, and LHS-1140 b (Cadieux et al.,
2024a; Damiano et al., 2024).

In addition to temperate sub-Neptunes (Madhusudhan et al., 2023b; Benneke et al.,
2024; Holmberg and Madhusudhan, 2024), molecular detections have been made in the
atmosphere of the hot sub-Neptune TOI-421 b (Davenport et al., 2025). The cloud
and haze free atmosphere of TOI-421 b was shown to be consistent with the prediction
that hydrocarbon haze production becomes inefficient for very high temperatures
(Davenport et al., 2025). For the intermediate warm sub-Neptunes, it is expected
that the clouds and hazes that readily form will mute spectral features. However,
at the current precision, and with our current modelling of clouds and hazes, it is
hard to distinguish this scenario from a high mean molecular weight atmosphere for a
muted or featureless spectrum. Multiple warm sub-Neptunes have now been observed
with JWST (Kempton et al., 2023; Wallack et al., 2024; Piaulet-Ghorayeb et al.,
2024; Schlawin et al., 2024; Ohno et al., 2025; Teske et al., 2025; Ahrer et al., 2025),
revealing often muted or featureless spectra. For example, the archetypal flat-spectrum
sub-Neptune GJ 1214 b was observed using phase curve observations (Kempton et al.,
2023) and transmission spectroscopy (Schlawin et al., 2024; Ohno et al., 2025). Overall,
a high-metallicity atmosphere was suggested to best explain the observations.

We have entered an era where atmospheric observations of sub-Neptunes are now
possible with JWST. The findings from these observational efforts are paving the way
for the characterisation of sub-Neptune interiors, which will be the focus of this thesis.

1.6 Scope of this Thesis

In this thesis, we investigate the diversity of planetary interiors in the sub-Neptune
regime. We focus on this regime for a number of reasons. In the current landscape, sub-
Neptunes are proving to be the most promising class of small planet for observational
studies. Beyond being conducive to atmospheric characterisation, detection studies
have revealed they are the most abundant class of planet (e.g. Borucki et al., 2011).
With the advent of JWST and the precise spectroscopic data for sub-Neptunes now
available, studying the interiors of these planets is a timely avenue for gaining insight
into their diversity, planet formation and evolution mechanisms, and habitability.



1.6 Scope of this Thesis 41

Given that there is no sub-Neptune analogue in the solar system, there is a wealth
of information that can be gained about the possible diversity of exoplanets through
the study of these planets. This can help to develop our understanding of planet
formation and evolution mechanisms, through investigating the diversity of their
planetary systems and the population-level trends. For instance, answering questions
such as why our solar system lacks a sub-Neptune, and shedding light on the radius
valley, the cause of which remains debated. The sub-Neptune regime has the potential
for a huge diversity of interior compositions, ranging from water-poor to water-rich.
The bulk densities of sub-Neptunes require some mass fraction of volatiles, including
hydrogen and/or water. Determining the present-day compositions of these planets
has important implications for formation and evolution models which suggest differing
levels of water-richness among the population (e.g. Owen and Wu, 2017; Rogers and
Owen, 2021; Venturini et al., 2020; Izidoro et al., 2022; Burn et al., 2024).

Furthermore, in recent years the possibility of sub-Neptune habitability has been
explored, namely for hycean worlds (Madhusudhan et al., 2021). As discussed in
the previous section, the larger size and larger atmospheric scale height of hycean
worlds compared to rocky planets makes them more conducive to potential biosignature
detection. Favourable conditions for observations applies more broadly for temperate
sub-Neptunes with hydrogen-rich atmospheres, particularly those orbiting M dwarfs
(e.g. Madhusudhan et al., 2023b; Holmberg and Madhusudhan, 2024; Benneke et al.,
2024).

This thesis includes theoretical investigations into the interior and surface conditions
possible for sub-Neptune exoplanets. We explore the diversity of planets in this regime,
considering interior scenarios ranging from water-rich to water-poor, using a self-
developed internal structure model specialised for sub-Neptunes. We additionally
investigate the constraints that can be placed on the conditions of observed exoplanets
through internal structure models coupled to atmospheric observations. In the following,
we outline the scope of this thesis by chapter.

1.6.1 Ocean Conditions of Hycean Worlds

We begin with a theoretical exploration of the possible interior compositions and
ocean depths for the class of potentially habitable sub-Neptune known as hycean
worlds. These planets, characterised by liquid water oceans beneath thin hydrogen-rich
atmospheres, have the potential to host habitable conditions across a wide phase space
of planetary bulk parameters and orbital distances (Madhusudhan et al., 2021).
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We use internal structure modelling to identify the possible interior compositions,
surface conditions, and ocean depths for hycean worlds. We first describe our internal
structure model, HyRIS. This model numerically solves the planetary structure equa-
tions to obtain the planetary radius using a shooting method. It utilises an equation
of state for water that takes into account its complex phase behaviour, compiled from
multiple sources across pressure-temperature space.

In this chapter, we focus on surface conditions that would permit habitable pressure
and temperature conditions at the ocean surface. Beneath such an ocean, the typically
large water mass fractions of hycean worlds would result in a transition from liquid to
high-pressure ice. We use the internal structure model to calculate the theoretically
predicted range of ocean depths for hycean worlds, which depends on the ocean
surface temperature and the surface gravity. The model is then applied to five hycean
candidates: K2-18 b, TOI-270 d, TOI-732 c, TOI-1468 c, and LHS 1140 b. For each
planet, we explore the range of interior compositions that would allow for hycean
conditions, and the corresponding pressure-temperature conditions at their surface.

1.6.2 Gas Dwarf Scenarios for Temperate Sub-Neptunes

For temperate sub-Neptunes, compositional degeneracies result in a range of potential
interior scenarios, which vary in volatile mass fraction. The recent detections of
carbon-bearing molecules in the atmospheres of multiple temperate sub-Neptunes
(Madhusudhan et al., 2023b; Holmberg and Madhusudhan, 2024; Benneke et al., 2024)
and the varying interpretations of the data (e.g. Shorttle et al., 2024; Wogan et al.,
2024; Cooke and Madhusudhan, 2024; Luu et al., 2024) highlights the importance of
robust evaluations of each potential interior scenario permitted by the data.

In this chapter we outline an end-to-end framework to evaluate the plausibility of gas
dwarf scenarios for temperate sub-Neptunes and investigate their potential atmospheric
diagnostics. Gas dwarfs are characterised by a thick hydrogen-rich atmosphere overlying
a rocky interior, i.e. lacking significant water content. This framework includes internal
structure modelling, atmospheric structure modelling, melt-atmosphere chemistry,
photochemical modelling, and spectroscopic predictions. We use the framework to
investigate the feasibility of a gas dwarf scenario for K2-18 b.
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1.6.3 Interior and Surface Conditions of the Temperate Sub-
Neptune TOI-270 d

In this chapter, we apply the internal structure model to the temperate sub-Neptune
TOI-270 d, which was recently observed with JWST (Holmberg and Madhusudhan,
2024; Benneke et al., 2024). We use our model to explore the range of interior
compositions and surface conditions possible for this planet, using constraints from
atmospheric observations. Atmospheric temperature structures are calculated using the
observed atmospheric abundances (Holmberg and Madhusudhan, 2024), which are used
as inputs to the internal structure model. The planetary bulk properties permit a range
of interior compositions, spanning hycean world, gas dwarf and mini-Neptune scenarios.
For each of these scenarios, we place constraints on the possible compositions, namely
the mass fractions of water, hydrogen, and rock. For mini-Neptune scenarios, we
consider mixed hydrogen/water layers, due to the miscibility which has been shown to
occur across a wide range of pressures and temperatures relevant to the deep planetary
atmosphere (Soubiran and Militzer, 2015; Gupta et al., 2025).

1.6.4 Conclusions and Future Work

Finally, we summarise the preceding chapters of this thesis, and outline the directions
for future work. These avenues include incorporating a more complex treatment of
planetary materials in the internal structure model, and improving the coupling of the
atmosphere and interior.





Chapter 2

Ocean Conditions of Hycean Worlds

Not a Greek God, nor old Latin expression
Simply a portmanteau: hydrogen, ocean

2.1 Introduction

Earth is the only environment in the universe known to host life. Therefore, it is
logical that the search for habitable exoplanets and biosignatures began by focusing
on Earth-like, rocky exoplanets (e.g. Kasting et al., 1993; Meadows and Barnes, 2018;
Ramirez, 2018). However, the rapidly increasing number and diversity of detected
exoplanets has prompted wider considerations for habitability studies and candidates
for biosignature detections (e.g. Madhusudhan et al., 2021). Another related element
is identifying conducive targets for atmospheric characterisation and biosignature
detections based on our current and upcoming facilities. As discussed in Chapter 1,
the larger sizes of sub-Neptunes compared to small, rocky, Earth-like exoplanets makes
these planets more conducive to atmospheric characterisation via transit spectroscopy.
Similar interest arises for planets transiting M dwarfs (e.g. Wunderlich et al., 2019;
Tremblay et al., 2020), as a smaller host star results in a larger transit depth for a
given planetary radius. Numerous sub-Neptunes transiting bright (J < 10 mag) M
dwarfs have been discovered by recent transit surveys (e.g. Ricker et al., 2015; Günther
et al., 2019; Hardegree-Ullman et al., 2020; Cloutier et al., 2020). Spectroscopic
observations of these planets with the James Webb Space Telescope (JWST) provide
exciting opportunities for detailed atmospheric characterisation and the potential for
biosignature searches (e.g. Madhusudhan et al., 2023b).

As introduced in Section 1.5.3, a new class of habitable exoplanet within the
sub-Neptune regime was proposed by Madhusudhan et al. (2021), known as hycean
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worlds. These temperate planets are characterised by their deep H2O oceans and
H2-rich atmospheres, and provide a new avenue for habitability studies. The impetus
for hycean worlds came from the study of the habitable-zone sub-Neptune K2-18 b
(Madhusudhan et al., 2020). By coupling atmosphere and interior models, they placed
constraints on the composition and surface conditions of K2-18 b, finding that this
planet could host liquid water at its surface beneath an H2-rich atmosphere. Hycean
worlds were shown to broaden the commonly considered limits of habitability, in mass,
radius, temperature and orbital distance. Due to their H2 atmospheres, the hycean
habitable zone is significantly wider than the terrestrial habitable zone. Importantly,
both the larger size and larger atmospheric scale height of hyceans relative to rocky
planets of similar mass make them more promising targets for atmospheric spectroscopy
and potential biosignature detections. Recent analysis of JWST transmission spectra
of K2-18 b by Madhusudhan et al. (2023b) revealed strong detections of both CH4

and CO2, with a lack of key molecules including NH3, suggesting the presence of a
surface ocean, based on chemical arguments (Yu et al., 2021; Hu et al., 2021; Tsai et al.,
2021; Madhusudhan et al., 2023a). We are in the exciting position where detailed
atmospheric data for multiple temperate sub-Neptunes orbiting M dwarfs is accessible,
with observations carried out in Cycles 1 and 2.

Internal structure modelling plays an important role in characterising sub-Neptunes,
relating observable properties to possible interior compositions (e.g. Rogers and Seager,
2010b; Valencia et al., 2013; Dorn et al., 2017; Madhusudhan et al., 2020; Nixon and
Madhusudhan, 2021; Huang et al., 2022). The sub-Neptune population is thought to
contain a diverse range of interior compositions with varying proportions of volatiles
including H2O and H/He, with volatile-rich and volatile-poor populations separated
by the radius valley (e.g. Fulton et al., 2017; Fulton and Petigura, 2018a). As we
saw in Chapter 1, one of the key challenges in internal structure modelling of sub-
Neptunes is compositional degeneracy, with a range of compositions able to explain a
planet’s observed mass and radius. In the era of JWST, interior constraints can be
drastically improved via information revealed about exoplanet atmospheres, allowing
us to gain more insight into the nature of these planets than ever before. Atmospheric
observations provide the key in breaking the aforementioned degeneracies between
possible interior compositions (e.g. Madhusudhan et al., 2020). For example, the
presence of a steam atmosphere can be ruled out and an H2-rich atmosphere can be
established through transmission spectroscopy (e.g. Benneke et al., 2019; Tsiaras et al.,
2019; Madhusudhan et al., 2020; Mikal-Evans et al., 2023). Even having established
the presence of an H2-rich atmosphere, hycean compositions can be degenerate with
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rocky worlds with thick H/He envelopes, and with mini-Neptunes with large fractions
of ices. Precise atmospheric data can allow the possible identification of hycean worlds
among the sub-Neptune population. Based on photochemical models, Madhusudhan
et al. (2023a) outlined a framework for diagnosing a hycean world using retrieved
chemical abundances, considering the effect of the surface ocean on the atmospheric
composition. Notably in recent work, Madhusudhan et al. (2023b) suggest the presence
of a liquid H2O surface on the hycean candidate K2-18 b.

The interiors of hycean worlds possess substantial fractions of H2O, order 10s of
% by mass (Madhusudhan et al., 2021), compared to ∼ 0.02% for the Earth (Genda,
2016). Accurate internal structure modelling of H2O-rich planets, including hycean
worlds, requires taking into account the thermal behaviour of H2O across the complex
phase diagram (e.g. Thomas and Madhusudhan, 2016; Mousis et al., 2020; Huang
et al., 2021; Nixon and Madhusudhan, 2021). As discussed in Section 1.3.3, this is
achieved via a pressure and temperature dependent equation of state (EOS), which
tends to be compiled from several data sources valid for different phases and/or regions
of P -T space (e.g. Thomas and Madhusudhan, 2016; Nixon and Madhusudhan, 2021;
Haldemann et al., 2020). At high pressures H2O forms high-pressure ices, which would
occur deep in hycean interiors – specifically, these are ice VI, VII and ice X (Noack
et al., 2016; Nixon and Madhusudhan, 2021). The behaviour of high-pressure ices
remains uncertain due to a lack of extensive experimental data, which can affect the
accuracy of internal structure models for water-rich planets (e.g. Huang et al., 2021).

Several recent studies have investigated the internal structures and ocean depths
of temperate water-rich sub-Neptunes. Nixon and Madhusudhan (2021) conducted
internal structure modelling to examine the H2O phase structure across a wide range
of masses, compositions and surface conditions of such planets. Other studies have also
explored the range of ocean depths on sub-Neptunes, under more specific assumptions
(e.g. Léger et al., 2004; Sotin et al., 2007; Alibert, 2014; Noack et al., 2016). For
instance, Alibert (2014) investigated cases avoiding high-pressure ice layers, and Sotin
et al. (2007) assumed a fixed surface temperature of 300 K. The results of Nixon and
Madhusudhan (2021) highlight the wide range of parameter space over which liquid
water could exist at the surface of a planet, which suggests a diverse range of planets
could host hycean conditions. They also investigated the key factors in determining
ocean depth, finding this to be surface gravity and ocean base pressure (and hence
surface temperature, due to the adiabatic temperature structure), and constrained the
range of ocean depths possible across a wide phase space as functions of these.
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In this chapter1, we focus on the interiors of hycean worlds. For this purpose,
we require habitable pressures and temperatures at the interface between the ocean
and the H2-rich atmosphere. Based on previous studies, we expect the depths to
reach hundreds of times the depth on Earth. For example, Nixon and Madhusudhan
(2021) find that depending on the planet’s interior composition and mass, at surface
temperatures of 300 K a planet can host oceans between 30-500 km deep. Similarly,
depths of ∼100-400 km were found to be possible for the canonical hycean world based
on K2-18 b in Madhusudhan et al. (2023a), assuming habitable surface conditions.
Given the significant H2O mass fractions expected in hycean worlds, the ocean base
would occur at the transition to high-pressure ice, as opposed to a rocky ocean floor as
on Earth, which could have implications for their habitability (Maruyama et al., 2013;
Noack et al., 2016; Journaux et al., 2020b; Madhusudhan et al., 2023a). For example,
the thick mantle of high-pressure ice on hycean worlds would prevent the weathering
of the rocky core below, necessitating alternative methods of nutrient enrichment in
the oceans. Madhusudhan et al. (2023a) explored the possible chemical conditions
on hycean worlds, identifying feasible pathways to concentrate bioessential elements
in hycean oceans. These include atmospheric condensation, external delivery and
convective transport from the rocky core across the ice mantle.

The lack of sub-Neptunes in our own solar system and the ubiquity of exoplanets in
this regime mean that there is a wealth of information to be gained from their study, on
planet formation and evolution, in addition to habitability. As outlined in Section 1.5.1,
the radius valley is the observed dearth of planets in the radius range ∼1.5-2 R⊕,
which separates two subpopulations with bimodal peaks at ∼1.4 R⊕ and ∼2.4 R⊕

(Fulton et al., 2017; Fulton and Petigura, 2018a; Petigura, 2020). The low radius peak
is commonly accepted to be largely rocky super-Earths, while the characteristics of
the planets in the second peak remain debated, and link to their formation/evolution
mechanism – specifically, the amount of water present. The position of the radius valley
is dependent on both orbital period and stellar mass (Fulton and Petigura, 2018a),
with the trend with stellar insolation reversing for M dwarfs compared to more massive
stars (Cloutier and Menou, 2020). Formation mechanisms for the radius valley remain
debated (e.g. Lopez et al., 2012; Owen and Wu, 2013, 2017; Gupta and Schlichting,
2019; Zeng et al., 2019; Mousis et al., 2020; Venturini et al., 2020; Rogers and Owen,
2021; Izidoro et al., 2022). The nature and formation of the sub-Neptune population
remains an open question, with the permitted mass fraction for an H2-rich atmosphere
of a sub-Neptune varying by the assumed formation/evolution mechanism. Identifying

1The contents of this chapter are adapted from Rigby and Madhusudhan (2024).
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the envelope mass fractions of the sub-Neptune population is hence important in testing
these mechanisms. Furthermore, constraining the composition requirements of hycean
worlds is an important step for investigating the formation/evolution pathway for this
class of planet, which has yet to be studied in detail.

In this chapter we present an analysis of the possible conditions on hycean worlds
using a selection of hycean candidates with JWST observations: TOI-270 d, TOI-
732 c, TOI-1468 c, K2-18 b and LHS 1140 b. We use our internal structure model to
estimate the range of possible ocean depths for these planets as hycean worlds, and
the maximum mass fraction in H/He to allow habitable conditions. We also consider
another end-member scenario, of a rocky planet with a deep H2-rich atmosphere and no
ocean, to constrain the overall upper limit for the H/He mass fraction. This scenario
is what will be referred to as a “gas dwarf” in Chapter 3. We discuss the implications
of the envelope mass fractions for sub-Neptune formation/evolution, and the effects of
hycean conditions on the observable properties of these planets.

2.2 Methods

In this section we present an internal structure model for sub-Neptunes, HyRIS. We
first describe the model and the functionality of the code. The specific assumptions
made for the purpose of studying candidate hycean worlds are outlined. These include
the adopted equation of state (EOS) and temperature profile used to describe each
planetary component layer.

2.2.1 Internal Structure Model

Over the past two decades, a number of studies have developed internal structure
models to study planetary interiors (e.g. Léger et al., 2004; Fortney et al., 2007; Seager
et al., 2007; Sotin et al., 2007; Valencia et al., 2007a; Rogers and Seager, 2010a;
Madhusudhan et al., 2012; Zeng and Sasselov, 2013; Thomas and Madhusudhan, 2016;
Brugger et al., 2017; Madhusudhan et al., 2020; Nixon and Madhusudhan, 2021; Huang
et al., 2022). Here we describe HyRIS, our internal structure model for sub-Neptunes,
and how this is customised for the study of hycean worlds in this chapter.

The model solves the planetary structure equations under the assumption of
spherical symmetry. The planetary structure equations are the mass continuity equation
(Equation 1.6) and the equation for hydrostatic equilibrium (Equation 1.7). The choice
of EOS, ρ = ρ(P, T ), and temperature profile, T = T (P ), for each layer are outlined
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in Sections 2.2.2 and 2.2.3. In the default set-up of HyRIS, four differentiated layers
are considered – a H/He envelope, a pure H2O layer, a silicate mantle and an iron
core, as are commonly considered for sub-Neptunes (e.g. Rogers and Seager, 2010a;
Madhusudhan et al., 2020; Nixon and Madhusudhan, 2021).

In a similar method to Nixon and Madhusudhan (2021), the structure equations are
solved using a using a fourth-order Runge-Kutta numerical integration procedure. The
boundary conditions are chosen to be at the planet’s surface since these are associated
with atmospheric observables. The model solves for the planet radius Rp, taking inputs
of planet mass Mp, mass fractions of its constituents xi = Mi/Mp, and photospheric
pressure P0 and temperature T0. If no envelope is included, the boundary P0 and T0 will
be at the planet’s surface. The integration procedure works inwards from the outside
of the planet, using some guess of Rp = R0, stepping through decreasing enclosed mass
M , where the size of mass step dM is adjusted according to the current M and ρ, with
smaller dM at lower densities. Rp is obtained via a bisection root-finding method with
a convergence condition of a radius value of less than 100 m at zero enclosed mass,
0 < R(M = 0) < 100 m. In this way, the value for R0 is reduced if R(M = 0) > 100 m,
or conversely increased if R(M = 0) < 0, until convergence. In addition to Rp and the
thickness of each planetary layer, the interior density profile and H2O phase structure
can be output if required. The model architecture is summarised in Figure 2.1.

The EOSs adopted for the different materials are described in Section 2.2.2. However
HyRIS is flexible, with the nature of each planetary layer and the associated EOS
able to be easily modified. For instance, miscibility of the H2O and H/He layers can
be included (e.g. Section 2.4.2). See Section 2.4.3 for further discussion of possible
developments and adaptations to the model, which we expand upon in the following
chapters.

Exploring Hycean Conditions

For this study, HyRIS has been customised to explore the parameter space for hycean
worlds, and facilitate quick extraction of useful quantities. We automate the extraction
of 1σ solutions of internal structures for the Mp and Rp measurements for a given
planet from a large number of interior model executions across the full parameter
space of possible mass fractions. We further automate the determination of hycean
solutions from the 1σ solutions. As discussed above, the model can output the density
profile and H2O phase structure, along with Rp and the thickness of each planetary
layer. For a given solution, if the surface is found to lie in the liquid phase of H2O, the
ocean depth is calculated. For hyceans, with liquid surfaces with temperatures up to
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Fig. 2.2 Top: Phase diagram and EOS for H2O used in our model. The phase diagram
is constructed from Dunaeva et al. (2010) and Wagner and Pruß (2002), and the sources
for the EOS are outlined in Table 2.1. Bottom: Example H2O adiabat with HHB at
387 K and ∼ 10 bar. This is the profile for the possible interior of TOI-270 d shown in
Figure 2.10, with 387 K the equilibrium temperature with AB = 0 for TOI-270 d. The
red line shows the atmospheric profile, which follows an isotherm at these pressures.
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EOS and Source Validity
IAPWS-1995, Vapour, liquid, supercritical

(Wagner and Pruß, 2002)
French et al. (2009) Supercritical, ice VII, ice X, ice XVIII,

plasma. 1000 − 24000 K,
1.86 × 109 − 9.87 × 1012 Pa

Feistel and Wagner (2006) Ice Ih.
0 − 273 K, 0 − 108 Pa

Journaux et al. (2020a) Ices II, III, V, VI
Fei et al. (1993) Ice VII

Fei et al. (1993), Klotz et al. (2017) Ice VIII
Thomas-Fermi-Dirac (TFD), P > 7.686 × 1012 Pa

(Salpeter and Zapolsky, 1967)
Seager et al. (2007) Remaining high-pressure regions

IAPWS-1995 extrapolation, Remaining regions, (low-pressure
(Wagner and Pruß, 2002) and high-temperature vapour)

Table 2.1 Sources and regions of validity for the components of our H2O EOS, shown
in Figure 2.2.

∼ 400 K, the base of the ocean will be high-pressure ice. Hotter surfaces can lead to
supercritical oceans, as shown in Nixon and Madhusudhan (2021).

2.2.2 Equations of State

For each planetary layer considered, which are here H/He, H2O, silicates and iron, we
require an EOS to describe the pressure and temperature dependent density variation
within each layer. We describe the choice of EOS for each layer and, where relevant,
the process to compile them.

H2O

We use a temperature-dependent EOS for pure H2O, compiled following a similar
approach to Thomas and Madhusudhan (2016) and Nixon and Madhusudhan (2021).
Our EOS is valid for temperatures in the range 200 − 24000 K and pressures 102 − 1022

Pa (10−3 − 1017 bar). It is comprised of a number of different sources valid for certain
phases and/or regions of P -T space. These sources will be described below, and are
summarised in Table 2.1. We use phase-boundaries from Dunaeva et al. (2010), in
addition to the liquid-vapour boundary from Wagner and Pruß (2002).
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For the liquid and vapour phases and some parts of the supercritical phase, we use
the EOS from the International Association for the Properties of Water and Steam
(IAPWS) (Wagner and Pruß, 2002), referred to as the IAPWS-1995 formulation. This
EOS has been well tested experimentally. We use the functional form of the IAPWS-
1995 formulation, which is calculated directly from the Helmholtz free energy, to give
pressure as a function of density and temperature, P = P (ρ, T ). This requires a
bounded root-finding procedure to be carried out to obtain ρ = ρ(P, T ) for each phase.

We also use the EOS of French et al. (2009), the data for which covers multiple
phases, including supercritical, high-pressure ices (ice VII, X and XVIII) and plasma.
This EOS is based on quantum molecular dynamics simulations, and has since been
experimentally validated by Knudson et al. (2012). The EOS for remaining regions of
the supercritical phase is an extrapolation of the IAPWS-1995 EOS.

For the majority of ice VII (the high-temperature region is covered by the French
et al. (2009) EOS), we use a functional EOS in the form of a Vinet EOS (Equation 1.13)
with a thermal correction from Fei et al. (1993).

The thermal correction is given by

ρ (P, T ) = ρ0 (P, T0)
[
exp

(∫ T

T0
α (P, T ) dT

)]−1

(2.1)

where T0 is the ambient temperature, in this case 300 K (Fei et al., 1993). The thermal
expansion coefficient α here is written in the form

α (P, T ) = α0 (T )
[
1 + K

′
0

K0
P

]−η

(2.2)

where α0 (T ) is a linear function of T , α0 (T ) = α0 + α1(T ), and α0, α1, and η are
constants. These coefficients were experimentally determined via X-ray diffraction,
with values α0 = −3.9 × 10−4, α1 = 1.5 × 10−6, and η = 0.9 (Fei et al., 1993). Via an
alternative form of α(P, T ) from Klotz et al. (2017), we also extrapolate this EOS to
cover ice VIII.

For ice Ih we use the functional form of the EOS from Feistel and Wagner (2006),
given in a similar format to IAPWS-1995 for liquid and vapour. Ices II, III, V and VI
are also covered by experimental data, from Journaux et al. (2020b) via the SeaFreeze
package.

At high pressures, above 7.686 × 1012 Pa (7.686 × 107 bar) we adopt a modified
Thomas-Fermi-Dirac (TFD) EOS, as in Salpeter and Zapolsky (1967). This EOS is
temperature independent, due to the minimal effect of temperature on the density in
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Layer K0 (GPa) K′
0 K′′

0 (GPa−1) ρ (kg m−3)
Fe 156.2 6.08 N/A 8300

MgSiO3 247 3.97 -0.016 4100
Table 2.2 Values used in the EOSs for the iron and silicate layers, from Anderson et al.
(2001) and Karki et al. (2000) respectively.

this regime. There remains an intermediate region in pressure space between ice VII
and X not covered by experimental data or the TFD EOS. In this region we use the
H2O EOS from Seager et al. (2007). This is comprised of three regimes – at lower
pressures this is a Birch-Murnaghan (BM) EOS (Birch, 1952) with coefficients from
Hemley et al. (1987), transitioning to density functional theory results with increasing
pressure, and finally to a TFD at high pressures.

Our full H2O EOS and phase diagram are shown in Figure 2.2. The EOS was
constructed based on the regions of validity described above and in Table 2.1. This is
either via the phase boundaries, or by the bounds of the data.

We validate our H2O EOS against the EOS of Nixon and Madhusudhan (2021). We
expect these to be almost identical due to the sources used. In Figure 2.5 we show this
to be the case, showing the density as a function of pressure for different isotherms.

For cp, required for the adiabatic gradient (see Section 2.2.3), we use the same
sources as the EOS where available (for Wagner and Pruß, 2002; Feistel and Wagner,
2006; Journaux et al., 2020a). For regions where there is no data for cp, we adopt the
cp value of the nearest available point in P -T space. α is determined directly from the
EOS, as in Equation 1.9.

Silicates and Iron

Since thermal effects within the core and mantle have been found to have a minimal
effect on the planetary M-R relation (e.g. Grasset et al., 2009), we adopt an isothermal
EOS in the silicate mantle and iron core, as is frequently assumed in other internal
structure models (e.g. Rogers et al., 2011; Thomas and Madhusudhan, 2016). For this
we use the EOS from Seager et al. (2007). These EOSs are shown in Figure 1.7.

The iron core is described by a Vinet EOS (Equation 1.13) (Vinet et al., 1989;
Anderson et al., 2001) for hexagonal close-packed Fe, before transitioning to a TFD
EOS (Salpeter and Zapolsky, 1967) at higher pressures.

For the silicate layer, assumed to be the perovskite phase of MgSiO3, the EOS is in
the form of a fourth-order BM EOS (Birch, 1952; Karki et al., 2000), and, similarly, a
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TFD EOS (Salpeter and Zapolsky, 1967) at high pressure. The fourth-order BM EOS
is given by Equation 1.12. The coefficients for this are from Karki et al. (2000), and
are given in Table 2.2, along with those for the Fe EOS.
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Fig. 2.3 The EOS for H/He used in our model (from Chabrier et al., 2019), shown for
different isotherms.

We assume a solar helium fraction for the H/He envelope (Y = 0.275). The EOS
from Chabrier et al. (2019) is used, which is valid for 1-1022 Pa and 100-108 K. This
EOS is comprised of models applicable at different density and temperature regimes,
and the hydrogen and helium EOSs are combined via an additive-volume law. In our
temperature range, the models used are from Saumon et al. (1995); Caillabet et al.
(2011); Chabrier and Potekhin (1998) – see Chabrier et al. (2019) for a full description
of the model. This EOS is shown in Figure 2.3.
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Fig. 2.4 Forms of P -T profile used for the H/He envelope. Example isothermal/adiabatic
profiles are shown at three different temperatures with Prc between 10 − 100 bar. PT3
is from Madhusudhan et al. (2023a), generated via self-consistent modelling with
GENESIS (Gandhi and Madhusudhan, 2017; Piette and Madhusudhan, 2020) for
K2-18 b.

2.2.3 Temperature Profiles

The model considers pressure and temperature dependent EOSs. HyRIS can accommo-
date user-specified P -T profiles for the atmosphere, while in the interior, an adiabatic
profile is typically assumed. Madhusudhan et al. (2021) showed that the P -T structure
expected in the observable H2-rich atmospheres of hycean worlds around M dwarfs are
well approximated by an isothermal profile. We note that the atmospheric compositions
of hycean worlds could be rich in CH4 and CO2 (e.g. Madhusudhan et al., 2023b), which
could further affect the temperature structure. Nixon and Madhusudhan (2021) also
showed that P -T profiles for sub-Neptunes generated via self-consistent atmospheric
modelling with GENESIS (Gandhi and Madhusudhan, 2017; Piette and Madhusudhan,
2020) could be reasonably approximated by isothermal/adiabatic profiles, with the
radiative-convective boundary, Prc, lying at ∼ 1-1000 bar. In the H/He atmosphere, we
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hence assume an isotherm down to Prc = 100 bar, with the P -T profile then following
an adiabat in the deeper atmosphere. Example profiles are shown in Figure 2.4.

Under the assumption of vigorous convection, we similarly assume an adiabatic
temperature profile in the H2O layer, as is commonly assumed in internal structure
models (e.g. Sotin et al., 2007; Nixon and Madhusudhan, 2021; Leleu et al., 2021). An
example interior adiabat is shown in Figure 2.2. The adiabatic profiles are described
by the adiabatic temperature gradient, given by Equation 1.8. The coefficient of
volume expansion, required for the adiabatic gradient, is derived from the EOS, as in
Equation 1.9.

Alternative temperature profiles can be easily included within HyRIS. For instance,
atmospheric temperature profiles generated via self-consistent modelling (e.g. Piette
and Madhusudhan, 2020) can be used in the place of the isothermal/adiabatic profiles.
An example of this is carried out for K2-18 b in Section 2.3.2, in addition to in Chapters
3 and 4.

2.2.4 Model Validation

We validate our model against the results of previous studies of sub-Neptune internal
structures. In Figure 2.5 we reproduce M-R relations from Seager et al. (2007) and
Nixon and Madhusudhan (2021). The results of our model are shown in black, with
the 100% Fe, 100% silicate and Earth-like curves from Seager et al. (2007), and the
M-R curves including H2O from Nixon and Madhusudhan (2021). The Earth-like
composition consists of 67.5% silicates and 32.5% iron. The Seager et al. (2007) cases
are taken to be isothermal planets, as the EOSs used are temperature-independent.
We expect our results to match those of Seager et al. (2007) due to the use of identical
EOSs, which we see. We also see close agreement with the M-R curves from Nixon
and Madhusudhan (2021), which represent 30% and 90% H2O by mass with an Earth-
like core. Henceforth, we use “core” to refer to the rocky component of the interior,
including both the silicate and iron layers. These cases of 300 K and 1 bar surface were
chosen as they are representative of a hycean interior, with the interior P -T profile
following an adiabat as described in Section 2.2.3. In Section 2.3.1 we compare our
model ocean depth results to those of previous studies.
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Fig. 2.5 Top: Mass-radius (M-R) relations produced using our model compared to
the results of Seager et al. (2007) and Nixon and Madhusudhan (2021). The 100%
Fe, 100% MgSiO3 and Earth-like (67.5% MgSiO3, 32.5% Fe) curves are from Seager
et al. (2007). The curves with 30% (90%) H2O and 70% (10%) Earth-like core are
from Nixon and Madhusudhan (2021), assuming liquid surfaces at 300 K and 1 bar.
The M-R curves produced using our model are shown in black. Bottom: Comparison
of our H2O EOS to the EOS of Nixon and Madhusudhan (2021), for several isotherms.
Our results are shown in black. These results are almost identical due to the identical
sources used for the EOS and phase boundary data.
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2.3 Results

In this section we present our results for the possible oceanic and interior conditions
of hycean worlds. Firstly we validate our model ocean depths against the results of
previous studies (Léger et al., 2004; Noack et al., 2016; Nixon and Madhusudhan,
2021), before investigating the theoretical range of ocean depths possible on hycean
worlds. We then explore in detail five candidate hyceans, placing constraints on their
possible ocean depths, interior compositions and envelope mass fractions. The envelope
mass fractions are determined for the case of a hycean world and for the case of a
rocky world with a thick H/He envelope, the latter representing the overall maximum
envelope fraction for these sub-Neptunes.

2.3.1 Ocean Depths on Hycean Worlds

Hycean worlds are defined to have 10 − 90% H2O by mass (Madhusudhan et al.,
2021), therefore in all calculations we impose these limits on the H2O mass fraction.
To allow for the surface ocean, we require the H/He-H2O boundary (HHB) to lie
at pressures and temperatures that support the liquid phase of H2O. The HHB is
what we will refer to as the “surface”. We further place the constraint of habitable
surface conditions, requiring surface temperatures THHB of 273-400 K and pressures
PHHB of 1-1000 bar, motivated by the range of conditions supporting life on Earth
(Rothschild and Mancinelli, 2001; Merino et al., 2019). We note that maintaining a
liquid water ocean across this full pressure and temperature range is debated due to
the possible onset of a runaway greenhouse effect (e.g. Innes et al., 2023). We consider
core compositions between Earth-like (33% Fe) and pure Fe. The internal structure
model is then applied across the full hycean phase space, for planets with 1-10 M⊕,
10% ≤ xH2O ≤ 90%, 273 ≤ THHB ≤ 400 K. For each combination we extract Rp and
the ocean depth.

We first reproduce some previous results in the literature. Noack et al. (2016) found
that the maximum ocean depth for a planet varies with the mass, composition and
surface temperature of the planet. Similarly, Nixon and Madhusudhan (2021) showed
that the ocean depth is affected by the surface gravity and ocean base pressure. The
pressure at the ocean base, where the transition from liquid to high-pressure ice occurs,
is fixed by the interior adiabat and hence the surface temperature. In Figure 2.6a
we reproduce these results using our model, showing the inverse proportionality of
ocean depth and surface gravity. The surface pressure is fixed at 100 bar as in Nixon
and Madhusudhan (2021) – varying this within a reasonable range (∼ 1-1000 bar)
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does not significantly affect the results, in agreement with Nixon and Madhusudhan
(2021). In Figure 2.6b we also show the ocean depth against the HHB temperature
for a range of surface gravity values. The change in slope at ∼295 K corresponds to
the transition between an ocean base of ice VI vs ice VII. Nixon and Madhusudhan
(2021) showed that peak depths occur for THHB = 413 K with the trend reversing for
THHB > 413 K (up to the critical temperature). Therefore, as seen in Figure 2.6, the
trend with temperature is straightforward for our considered temperature range of
273 − 400 K, with an increase in THHB causing an increase in ocean depth. We reiterate
that in Figure 2.6, this is the gravity and temperature at the ocean surface (gHHB,
THHB), not with the envelope included (g0, T0). As an illustration, for a planet with
Mp = 6 M⊕, 50% H2O, 50% Earth-like core and THHB = 303 K, we obtain a depth of
127 km. This is in good agreement with the 125 km found by Nixon and Madhusudhan
(2021) and 133 km found by Léger et al. (2004).

We find that ocean depths on hycean worlds can range between 10s of km to
∼1000 km, depending on the planet’s mass, composition and surface conditions. For
comparison, the average depth of Earth’s ocean is 3.7 km (Charette and Smith, 2010),
with the deepest part (the Mariana trench) extending to ∼11 km (Gardner et al.,
2014). For the theoretical maximum depth of a hycean ocean, we find ∼1000 km – this
end-member case is a 1 M⊕ planet with 90% H2O and THHB = 400 K, i.e. maximal
THHB and minimal log g. Conversely, the minimum depth is ∼20 km, for a 10 M⊕

planet with 10% H2O, 90% Fe and THHB = 273 K.
The calculated ocean depths as a function of surface gravity g and THHB, as shown

in Figure 2.6, can be used to estimate the range of ocean depths possible for a given
planet. For instance, in Figure 2.6a we show estimates of the ocean depths possible for
TOI-270 d, TOI-1468 c and TOI-732 c, shown by the shaded regions. The THHB range
considered is from Teq at AB = 0.5, calculated via Equation 2.3, up to the maximum
of 400 K. Alternatively, using Figure 2.6b the range of ocean depths can be estimated
given a value for the surface gravity. For example, for a surface gravity similar to
K2-18 b of log g = 3.1, the range of ocean depths would be ∼65 − 380 km, for HHB
temperatures 273 − 400 K. In this method, g is implicitly being assumed as constant
throughout the atmosphere. In reality, the gravity for each planet would be higher
at the ocean surface than at the photosphere, where Rp is measured from. These
represent initial estimates, as not all the solutions in these regions will be permissible
for a planet when the gravity in the atmosphere is allowed to vary, and an atmospheric
P -T profile adopted; these are considered in Section 2.3.2.
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We also assess the effect of different mass and radius measurements in the literature
for a given planet. For this purpose, we consider the planet TOI-732 c for which such
measurements are available from three sources as shown in Table 2.3. In Figure 2.7 we
show the range of ocean depths obtained using the mass and radius values from each
of the three sources. The Cloutier et al. (2020) (hereafter referred to as “C20”) range
is the same as in Figure 2.6. If we instead consider the Nowak et al. (2020) values
(hereafter referred to as “N20”) we find that somewhat deeper oceans are possible. The
more precise measurements of N20 compared to C20 result in a smaller log g range
at lower values, allowing larger depths. Conversely, the similar maximum log g for
Bonfanti et al. (2023) (“B23”) and C20 result in a similar upper limit for ocean depth.
The improved precision of the B23 measurements again results in a narrower log g range
and hence a smaller range of ocean depths. We note that the equilibrium temperature
is not varied between the three examples, given the similar estimates between the
three studies and the surface temperature being unconstrained. For example, Teq is
305 − 363 K for N20 compared to 297 − 353 K for C20, for 0 ≤ AB ≤ 0.5.
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Fig. 2.7 Ocean depth against surface gravity for a range of habitable surface temper-
atures. The three possible ranges for TOI-732 c for the alternative mass and radius
measurements (Cloutier et al., 2020; Nowak et al., 2020; Bonfanti et al., 2023) are
shown by the shaded regions.
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2.3.2 Case Studies
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Fig. 2.8 Hycean mass-radius plane from Madhusudhan et al. (2021). The hycean
candidates discussed are also shown – different mass/radius measurements for each
planet are shown in corresponding colours.

We now explore in detail the possible range of ocean depths and atmospheric mass
fractions for five promising hycean candidates with JWST observations. The properties
of these planets and their host stars are listed in Table 2.3. The planets include K2-18 b,
TOI-270 d, TOI-1468 c, TOI-732 c and LHS 1140 b. These planets are shown against
the hycean mass-radius (M-R) plane from Madhusudhan et al. (2021) in Figure 2.8,
along with some standard M-R relations. We estimate the maximum mass fraction in
the H/He envelope for these planets for two end-member cases – as a hycean world,
and as a rocky planet with a deep H2-rich atmosphere and no H2O. In the latter case,
the maximum density interior of a pure Fe core is assumed in order to obtain the upper
limit for H/He mass fraction. We note this is purely an upper limit, as a 100% Fe core
is unrealistic by planet formation scenarios. The upper H/He limit has implications
for planet formation studies, which is discussed further in Section 2.3.4.

For each planet, we consider equilibrium temperatures assuming Bond albedos
in the range 0 ≤ AB ≤ 0.5. This is motivated by the values of Madhusudhan et al.
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(2021) – the maximum AB = 0.5 is used for their calculation of the inner habitable
zone boundary for hycean planets, motivated by Selsis et al. (2007); Yang et al. (2013);
de Pater and Lissauer (2010). The equilibrium temperature is calculated by

Teq = T⋆

[
R2

⋆

2a2 (1 − AB) (1 − fr)
] 1

4

(2.3)

where a is the orbital semi-major axis, R⋆ and T⋆ are the stellar radius and effective
temperature respectively, and fr is the fraction of incident radiation that is redistributed
to the nightside. In this work we assume that this redistribution is efficient, adopting
fr = 0.5 for uniform day-night energy redistribution, giving a uniform equilibrium
temperature across the planet. The hycean candidates we consider here are expected
to be tidally locked. Depending on the efficiency of day-night redistribution, there
could be differences between the temperature of the day and night sides. Future work
would be needed to study the effects of inefficient day-night redistribution on their
interiors and oceans, including the case of dark hyceans (Madhusudhan et al., 2021).
An initial exploration of this scenario is conducted in Chapter 4.

In Section 2.3.1 we assumed constant gravity in the atmosphere, to demonstrate
how initial estimates of the possible ocean depths could be obtained via Figure 2.6.
As described in Section 2.3.1, the depths in Figure 2.6 were calculated assuming a
fixed PHHB of 100 bar. In the subsequent sections, we discuss individual cases with
gravity varying in the atmosphere. We evaluate the internal structure model across
the full range of possible mass fractions to identify the compositions that satisfy the
1σ range of Mp and Rp, including compositions that allow for hycean conditions. The
PHHB and THHB are not fixed, with the allowed range for hycean solutions spanning
273 ≤ THHB ≤ 400 K and 1 ≤ PHHB ≤ 1000 bar. As described in Section 2.2.3, the
atmospheric P -T profiles are assumed to be isothermal/adiabatic profiles, typically
with Prc = 100 bar. T0 is taken to span the Teq range between AB = 0−0.5, as outlined
above. P0 is taken to be the reference pressure for Rp where available, and otherwise
we adopt the reference pressure of 0.05 bar, following Madhusudhan et al. (2020). We
consider end-member core compositions of Earth-like (33% Fe) and pure Fe.

TOI-270 d

TOI-270 d is a sub-Neptune discovered with TESS (Günther et al., 2019), with RV
follow-ups with ESPRESSO (Van Eylen et al., 2021). TOI-270 d orbits at 0.07 au and
has Mp = 4.20 ± 0.16 M⊕ (Kaye et al., 2022) and Rp = 2.19 ± 0.07 R⊕ (Mikal-Evans
et al., 2023). The TOI-270 system contains three transiting planets orbiting an M3V
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Fig. 2.9 Possible interiors of candidate hycean worlds. a: TOI-270 d, with ocean depth
500 km. b: TOI-1468 c, with ocean depth 309 km. This shows an extreme case with
a pure Fe core, which is likely unrealistic based on planet formation mechanisms. c:
TOI-732 c, with ocean depth 350 km.



68 Ocean Conditions of Hycean Worlds

host star with near-mean motion resonance, allowing recent transit-timing variations to
be detected (Kaye et al., 2022). Both TOI-270 c and TOI-270 d are hycean candidates
(Madhusudhan et al., 2021). TOI-270 d is hottest of the hycean candidates we consider
in this chapter, with T0 taken to be 326-387 K (this is the Teq range for 0 ≤ AB ≤ 0.5,
as outlined above). This planet was recently the subject of an atmospheric study
with HST, which suggested an H2-rich atmosphere with H2O absorption (Mikal-Evans
et al., 2023). We use a P0 of 0.0912 bar, which is the reference pressure for this Rp

(Mikal-Evans et al., 2023).
We find the possible hycean ocean depths for TOI-270 d span ∼200 − 500 km,

∼50 − 140 times the average depth of Earth’s ocean at 3.7 km (Charette and Smith,
2010), and ∼20 − 50 times the deepest part at ∼11 km (Gardner et al., 2014). As
discussed in Section 2.3.1, the maximal ocean depth is achieved with the minimum
surface gravity and maximum surface temperature. In Figure 2.9 we show an example
interior for TOI-270 d with a maximal ocean depth of 500 km. This case has the lower
bound Mp = 4.04 M⊕, with Rp = 2.22 R⊕. The H2O mass fraction is at its maximum
xH2O = 90%, with xH/He = 0.011% and the remaining mass in an Earth-like core. The
surface temperature lies at the maximum of 400 K, at pressure 112 bar – more than 100
times the surface pressure on Earth. Conversely, an example interior at the lower end
of ocean depths has xH2O = 86%, xH/He = 0.0072% and the remainder in an Earth-like
core, for Mp = 4.264 M⊕ and Rp = 2.13 R⊕. The depth in this case is 221 km, with
the HHB at the minimum temperature, 326 K, and 90 bar. We note that the interiors
able to achieve a given ocean depth are degenerate. The minimum mass fraction of
H2O required for TOI-270 d to be a hycean world is found to be 68%. This occurs for
a low density interior, with maximum surface temperature 400 K and an Earth-like
core composition. These constraints on the H2O content of sub-Neptunes can be useful
for testing planet formation scenarios (e.g. Bitsch et al., 2021).

We require a H/He mass fraction of ≲ 0.0195% for TOI-270 d to be a hycean world.
This limit corresponds to the maximal, extreme H2O mass fraction of 90% and an
Earth-like core with mass fraction 9.9815%, with the isothermal temperature in the
atmosphere T0 = 326 K. The HHB in this case is 197 bar and at the maximum of 400
K, as an increase in H/He mass fraction would increase the temperature at the surface
beyond the habitable range. Conversely, a minimum H/He mass fraction of 1.7 × 10−6

is required for hycean conditions. This limit occurs for the maximum T0 = 387 K and
90% H2O and an Earth-like core, giving an HHB at 20 bar and 387 K. Lower H/He
mass fractions produce an Rp below the lower 1σ limit.



2.3 Results 69

If we consider our other end-member case of a rocky planet with an H/He envelope,
we find a maximum envelope fraction of 6.1%. This is achieved using the lower T0 of
326 K and a high density, pure Fe core, with no H2O. An Earth-like core would reduce
the maximum H/He fraction to 3.7%, for the same P -T profile.

We have adopted Prc = 100 bar for the H/He envelope. As shown by Nixon and
Madhusudhan (2021), the choice of Prc affects the maximum H/He fraction that allows
for an HHB within the liquid phase. A lower Prc results in lower permitted H/He
fractions, as the atmospheric temperature increases higher in the atmosphere. If we
adopt Prc = 10 bar and Prc = 1000 bar, we find ∼ 0.0017% and ∼ 0.0810% as the
maximum H/He fractions for hycean conditions respectively. The overall maximum
H/He fraction then varies from 3.4 − 8.3% for Prc from 10 − 1000 bar. A higher Prc

would reduce the range of ocean depths possible, as this restricts the range of THHB to
below the maximum of 400 K. Reducing Prc will not significantly affect the range of
ocean depths, as we can already reach the maximum THHB = 400 K with Prc = 100
bar.

TOI-1468 c

TOI-1468 c is a recently discovered sub-Neptune (Chaturvedi et al., 2022) orbiting its
M3V host star at 0.0859 au, along with the closer-in, rocky TOI-1468 b. TOI-1468 c
has Mp = 6.64+0.67

−0.68 M⊕ and Rp = 2.064 ± 0.044 R⊕ (Chaturvedi et al., 2022), with T0

ranging from 284-338 K for our AB range. For TOI-1468 c and the remaining planets,
we adopt P0 = 0.05 bar, which is the median reference pressure from Madhusudhan
et al. (2020) for K2-18 b.

The possible ocean depths for TOI-1468 c are found to span ∼ 60-310 km. An
example internal structure that facilitates a maximal depth of 309 km is shown in
Figure 2.9. This solution has xH/He = 0.0125%, xH2O = 63% and a pure Fe core,
for lower bound Mp = 5.97 M⊕ and upper bound Rp = 2.108 R⊕. The surface
temperature lies close to the habitable maximum, at 397 K, with an envelope T0 of
284 K. The surface pressure is ∼ 300 times Earth’s surface pressure, at 307 bar, while
the base of the ocean lies at 6.0 × 104 bar. This case also represents the solution with
maximum envelope mass fraction while maintaining hycean conditions. Overall we find
a maximum permitted H/He fraction of 4.3% for non-Hycean conditions – this is lower
than for TOI-270 d due to the higher bulk density of TOI-1468 c. For an Earth-like
core, as opposed to a pure Fe core, the maximum H/He mass fraction is 1.8%.

Unlike TOI-270 d, TOI-1468 c is not permitted to have 90% H2O by mass, again
due to its higher bulk density, with the maximum xH2O found to be ∼ 75%. The
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minimum mass fraction of H2O required for TOI-1468 c to be a hycean world is found
to be 24%. Using this minimum mass fraction of H2O, we find the lower bound for
high-pressure ice thickness on TOI-1468 c, while maintaining hycean conditions, to be
0.42 R⊕, or ∼2700 km. Even in this case, the ocean is still very deep, at 230 km. The
thickness of the high-pressure ice layer on hycean worlds could have implications for
their habitability, which is discussed further in Section 2.4.1.

TOI-732 c

TOI-732 c, or LTT 3780 c, is a sub-Neptune orbiting an M4V host star discovered by
TESS, with independent follow-ups with HARPS & HARPS-N (Cloutier et al., 2019)
and CARMENES (Nowak et al., 2020). Most recently, combined analysis of TESS,
CHEOPS and ground-based light curves was carried out by Bonfanti et al. (2023),
along with RV analysis with MAROON-X. This system also contains a super-Earth,
TOI-732 b, making this system an interesting test of radius valley formation around M
dwarfs (Cloutier et al., 2019). TOI-732 c orbits its host star at 0.08 au (Cloutier et al.,
2019; Nowak et al., 2020), giving equilibrium temperatures in the range 284-353 K for
our AB range. Multiple measurements of mass and radius are reported for TOI-732 c,
with the masses varying significantly. Cloutier et al. (2020) find Mp = 8.60+1.60

−1.30 M⊕

and Rp = 2.30+0.16
−0.15 R⊕ while Nowak et al. (2020) report Mp = 6.29+0.63

−0.61 M⊕ and Rp =
2.42 ± 0.10 R⊕. The most recent mass measurement by Bonfanti et al. (2023) is in best
agreement with Cloutier et al. (2020), at Mp = 8.04+0.50

−0.48 M⊕, with Rp = 2.39+0.10
−0.11 R⊕.

These are shown by the blue points in Figure 2.8. In the following calculations and
Figure 2.6, we adopt the Cloutier et al. (2020) values (hereafter referred to as “C20”).

We find possible hycean ocean depths to range from ∼90 − 360 km. An example
internal structure with depth 350 km is shown in Figure 2.9. This case, with Mp =
7.10 M⊕ and Rp = 2.41 R⊕, has xH/He = 0.0132%, xH2O = 80% and the remaining
mass in an Earth-like core. The surface temperature lies close to the maximum value
at 399 K, with a pressure of 270 bar, for T0 = 297 K. We find a maximum H/He
fraction of 0.0142% for TOI-732 c under hycean conditions. As for TOI-270 d, this is
achieved with a maximal H2O fraction of 90% with 9.986% in a pure Fe core, and a
minimal T0, which here is 297 K. The overall maximum H/He fraction for non-Hycean
conditions is found to be 6.8%, using the lower T0 of 297 K and a pure Fe core, while a
maximum envelope fraction of 3.8% is permitted for an Earth-like core. TOI-732 c
has the largest range of permitted H2O fractions of the planets considered, due to
the larger uncertainty in its mass. The minimum mass fraction of H2O required for
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TOI-732 c to be a hycean world is found to be 22%, and the interior in Figure 2.9
demonstrates solutions are possible up to 90% H2O.

As shown in Section 2.3.1, assuming constant gravity in the atmosphere, different
mass measurements for TOI-732 c can affect the possible range of ocean depths.
Adopting the Nowak et al. (2020) values (“N20”) in our full evaluation of the model
(assuming the same range for Teq as used for C20), the maximum depth is found to
be 415 km, compared to 350 km for the C20 case. This difference is smaller than
Figure 2.7 would suggest, due to the surface conditions permitted by the results of
possible compositions. The maximum H/He fraction is found to be higher than for
C20, at 8.2%. For hycean conditions, the maximum H/He fraction for N20 values is
only slightly higher, at 0.0186%.

K2-18 b

We revisit K2-18 b, a well-studied sub-Neptune (e.g. Benneke et al., 2017; Cloutier
et al., 2019; Benneke et al., 2019; Tsiaras et al., 2019; Madhusudhan et al., 2020; Blain
et al., 2021; Madhusudhan et al., 2023b) and the first hycean candidate (Madhusudhan
et al., 2020, 2021). K2-18 b orbits it M3V host star at 0.15 au, and has Mp =
8.63 ± 1.35 M⊕ (Cloutier et al., 2019) and Rp = 2.610 ± 0.087 R⊕ (Benneke et al.,
2019), or Rp = 2.51+0.13

−0.18 R⊕ (Hardegree-Ullman et al., 2020). We use the former Rp

value for consistency with previous studies (Madhusudhan et al., 2020). As listed in
Table 2.3, Teq varies between 250 − 297 K for AB = 0 − 0.5.

We first adopt PT3 from Madhusudhan et al. (2023a) as the envelope P -T profile,
which is shown in Figure 2.4. This profile was generated via self-consistent atmospheric
modelling with the GENESIS code (Gandhi and Madhusudhan, 2017; Piette and
Madhusudhan, 2020) – see Madhusudhan et al. (2023a) for a full description of the
model. This profile was calculated to a pressure of 100 bar at which it has temperature
387 K, and we extend to P > 100 bar with an adiabatic profile. We note that this
profile is different to those used by Madhusudhan et al. (2020) in their internal structure
modelling of K2-18 b. They adopt two atmospheric P -T profiles, also generated with
GENESIS, which vary in assumptions, including internal temperature. These have
Tint = 25 K and Tint = 50 K, while PT3 from Madhusudhan et al. (2023a), used in this
work, has Tint = 30 K; see Madhusudhan et al. (2020) and Madhusudhan et al. (2023a)
for full descriptions of the assumptions made.

Using PT3, we find the possible ocean depths to be 140-350 km. The THHB

range possible using PT3 is limited, since at the minimum PHHB of 1 bar, PT3 is at
316 K. For hycean conditions, we find K2-18 b requires a H/He fraction of ≲ 0.0052%.
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Madhusudhan et al. (2020) find permitted envelope fractions of 0.006% for an interior
solution with a liquid surface, consistent with our result. Overall we obtain a maximum
H/He fraction of 8.1% for non-hycean conditions, with a pure Fe core. In comparison,
Madhusudhan et al. (2020) found 6.2% for the maximum H/He mass fraction. For an
Earth-like core composition, we find a lower maximum H/He fraction of 4.9%.

If we instead adopt isothermal/adiabatic profiles as we have for the other case
studies, we expect the aforementioned importance of the atmospheric P -T profile
to affect the results. At pressures ≳ 1 bar PT3 is at higher temperatures than the
isothermal/adiabatic cases with T0 = 250 K and T0 = 297 K. Therefore, we find that
a larger H/He fraction is permitted for the isothermal/adiabatic cases. We adopt
T0 = 250 K, which is consistent with the isothermal profile found in the photosphere
from the atmospheric retrieval carried out by Madhusudhan et al. (2023b). As with
our previous case studies, we adopt Prc = 100 bar. We find a maximum H/He fraction
for hycean conditions of 0.022% for this T0 = 250 K and THHB = 400 K. In this case,
the range of ocean depths is also affected as lower values of THHB are accessible with
this P -T profile. For example, an interior with upper bound Mp, xH/He = 0.0045%,
xH2O = 86% and the remainder an Earth-like core results in a nearly minimal depth of
54 km, at THHB = 277 K and PHHB = 139 bar. The pressure at the base of the ocean
in this case is 1.0 × 104 bar, compared to ∼6 × 104 bar for a 400 K surface. The upper
depth limit is not significantly affected by a variation in atmospheric P -T profile as the
upper limit for THHB and hence ocean base pressure is unchanged. Reducing T0 can
allow for even larger H/He mass fractions while maintaining hycean conditions. For
instance, adopting T0 = 200 K results in a maximum H/He mass fraction of 0.046% for
hycean conditions, about twice that for T0 = 250 K. In this case, the HHB lies close to
the maximum for habitable conditions, at ∼1000 bar.

We note that the depth estimates depend strongly on the HHB conditions, which
in turn depend on the temperature structure and atmospheric composition. The non-
detection of H2O in the photosphere of K2-18 b may be consistent with the presence of a
tropospheric cold trap, with the temperature and H2O abundance potentially higher in
the lower atmosphere (Madhusudhan et al., 2023b). However, it is difficult to accurately
estimate the composition and temperature structure of the dayside atmosphere, and
the corresponding surface temperature and pressure, based on observed photospheric
properties at the day/night terminator using transmission spectroscopy. We have,
therefore, considered a wide range for the THHB for K2-18 b, similar to the other planets
in this chapter, to explore the full range of possibilities.
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Across all the P -T profiles considered for K2-18 b the ocean depths span ∼50 −
350 km. However, the non-detection of H2O in K2-18 b (Madhusudhan et al., 2023b)
may limit the surface temperatures to well below 400 K. We therefore evaluate the
possible ocean depths for a lower maximum THHB of 340 K. Adopting PT3 as the
atmospheric profile for this case, we find a narrow ocean depth range of 140 − 180 km.
Adopting an isothermal/adiabatic profile at T0 = 250 K and Prc = 100 bar, we find a
range of ∼50 − 180 km. As mentioned previously, given the same maximum THHB, the
upper depth limit is not significantly affected by variations in atmospheric P -T profile.
However, the lower depth limit is affected as a lower THHB, down to 273 K, is possible
for the latter P -T profile. Similarly, considering an even lower maximum THHB further
decreases the maximum ocean depth possible, e.g. to ∼50 − 120 km for 300 K maximal
THHB for the isothermal/adiabatic profile. Reducing the maximum THHB also decreases
the maximum possible H/He mass fractions for hycean conditions. For instance, using
the isothermal/adiabatic profile the maximum H/He fraction is approximately halved
for a maximum THHB of 340 K compared to 400 K, at ∼0.011% vs 0.022%.

LHS 1140 b

Finally, we discuss the case of LHS 1140 b (Dittmann et al., 2017; Ment et al., 2019;
Lillo-Box et al., 2020; Cadieux et al., 2024b). This planet has a low equilibrium
temperature of 235 K for AB = 0 (198 K for AB = 0.5), orbiting its M4.5V host
star at 0.0936 au (Ment et al., 2019). Until recently, LHS 1140 b would only have
been considered a hycean candidate for H2O mass fractions below 10% (Madhusudhan
et al., 2021). However, the bulk properties of planet have been revised recently with
Mp = 5.60 ± 0.19 M⊕ and Rp = 1.730 ± 0.025 R⊕ (Cadieux et al., 2024b). These
latest measurements place LHS 1140 b within the hycean M-R plane, and is close to
the upper density limit for hycean candidates, as shown in Figure 2.8 along with the
previously reported measurements. For reference, Ment et al. (2019) reported values
Mp = 6.98 ± 0.89 M⊕ and Rp = 1.727 ± 0.032 R⊕, placing this planet just outside the
upper density limit for hycean candidates. On the other hand, Lillo-Box et al. (2020)
reported Mp = 6.38+0.46

−0.44 M⊕ and Rp = 1.635 ± 0.046 R⊕. Madhusudhan et al. (2021)
explain that the lower boundary could be closer to the M–R curve for an Earth-like
composition if lower H2O mass fractions were permitted – the minimum was assumed
to be 10%, as in this chapter. LHS 1140 b therefore represents an end-member case, in
density and temperature, for hycean candidates.

We first use the Ment et al. (2019) values, as the most conservative case. We adopt
the equilibrium temperature T0 = 235 K and an envelope P -T profile with Prc at 100
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bar. Even for this conservative case, large ocean depths are possible. For instance,
fractions of xH2O = 30%, xH/He = 8.0 × 10−5 and remainder pure Fe results in a 145
km ocean. The surface temperature is 360 K in this case. Therefore, LHS 1140 b
demonstrates that even planets on the extreme boundaries of being candidate hycean
worlds under certain conditions could host 100s of km deep oceans. If we instead
use the latest Cadieux et al. (2024b) values for Mp and Rp, giving a lower surface
gravity, we find significantly deeper oceans are possible for LHS 1140 b, up to ∼300
km. For example, mass fractions of xH2O = 50%, xH/He = 0.021% and remainder in
pure Fe can result in a 290 km ocean, for THHB = 400 K. This is calculated adopting
the same atmospheric P -T profile as used with the Ment et al. (2019) values. If we
instead assume an atmospheric profile with the lower T0 = 198 K and Prc = 100 bar,
we obtain the maximum H/He fraction for hycean conditions to be 0.036%. Conversely,
for non-Hycean conditions, the maximum H/He fraction is found to be 4.2%, using the
same P -T profile and the Cadieux et al. (2024b) values, with a pure Fe core. For an
Earth-like core, the maximum H/He fraction is reduced to 1.7%.

2.3.3 Envelope Mass Fractions on Hycean Worlds

The requirements of a habitable ocean places limits on the possible mass fraction of
the H/He envelope in a given hycean world. The envelope mass fraction depends on
the temperature structure and the HHB conditions at the ocean surface. Generally,
lower atmospheric temperatures allow for higher envelope mass fractions. For example,
higher Prc and lower T0 allow for higher envelope mass fractions, and vice versa. Across
our case studies and the assumptions considered in this work we find the maximum
envelope mass fractions admissible for hycean conditions to be ∼10−3. Higher envelope
mass fractions correspond to cooler atmospheric temperatures and higher surface
pressures. Improved constraints on H/He mass fraction can be obtained via better
constraints on the atmospheric temperature structure. Atmospheric observations, for
instance with the JWST, are essential for obtaining these improved constraints (e.g.
Mikal-Evans et al., 2023; Madhusudhan et al., 2023b). See Section 2.4.4 for further
discussion of upcoming observations.

Presently, the formation mechanisms of hycean worlds with such envelope mass
fractions have not been investigated in detail. More generally, several mechanisms
have been explored for the formation and evolution of sub-Neptune planets, especially
with the aim of explaining the radius valley (Fulton et al., 2017; Fulton and Petigura,
2018a). These mechanisms include processes where thick primordial H2-rich envelopes
are depleted via photoevaporative mass loss (e.g. Owen and Wu, 2017) and/or core-
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powered mass loss (e.g. Gupta and Schlichting, 2019), as well as processes involving
outgassing of H2 from the interiors (e.g. Elkins-Tanton and Seager, 2008). Other
mechanisms suggest the preponderance of sub-Neptunes with water-rich interiors
and envelopes of varied compositions (e.g. Zeng et al., 2019; Venturini et al., 2020;
Izidoro et al., 2022), which could include hycean worlds. Considering photoevaporative
and core-powered stripping of the envelopes of sub-Neptunes with 1:1 silicate-to-ice
ratios, Rogers et al. (2023) find envelope mass fractions of ≳ 10−3 can be retained,
at Teq = 300 K, after 5 Gyr of photoevaporative evolution. Izidoro et al. (2022) find
that water-rich sub-Neptunes with H2-rich atmospheres, which could include hyceans,
can be formed via gas-driven migration models, both with and without the inclusion
of photoevaporative mass loss. However, the possible envelope mass fractions were
not constrained in this paper – a fixed fraction of 0.3% was assumed, based on Zeng
et al. (2019). Such mechanisms could have varying implications for formation of hycean
planets.

We note that an H2-rich envelope mass fraction of ∼10−4 −10−3 is 102 −103× larger
than that of the Earth, albeit with a lower mean molecular weight. These required
mass fractions open a new avenue for investigating the origins of hycean worlds. In
principle, these mass fractions are at the limit of what could be retained by mass loss
mechanisms in temperate sub-Neptunes based on recent studies (e.g. Owen and Wu,
2017; Gupta and Schlichting, 2019; Rogers et al., 2023). On the other hand, whether
outgassing (e.g. Elkins-Tanton and Seager, 2008) or other atmosphere/ocean exchange
processes can result in these mass fractions remains to be seen.

2.3.4 Maximum Envelope Mass Fractions

We have additionally placed constraints on the maximum envelope mass fraction for
each of the sub-Neptunes we consider. The extreme case assumes a pure Fe interior
with no H2O, with our standard Prc = 100 bar in the envelope. We find that the
upper envelope fractions are all within ∼ 4-8%. This is similar to the ≲ 7% found by
Valencia et al. (2013) for the well-studied GJ 1214 b. The maximum fraction found by
Madhusudhan et al. (2020) for K2-18 b is also similar, at ∼ 6%. For an Earth-like core
composition, we find the maximum H/He envelope mass fractions to span ∼2-5%.

The upper limit for envelope mass fraction has implications for planet formation and
evolution scenarios in the sub-Neptune regime. Mechanisms of atmospheric mass loss,
including both photoevaporative (e.g. Owen and Wu, 2013, 2017; Rogers and Owen,
2021) and core-powered (e.g. Gupta and Schlichting, 2019, 2020), make predictions for
permitted envelope mass fractions for sub-Neptunes. Determining these for a range of
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sub-Neptunes including those within and outside of the radius valley can help to test
the predictions of these theories. For instance, the photoevaporative scenario (Owen
and Wu, 2017) predicts mass fractions of order ∼1% are typical for envelope-retaining
sub-Neptunes. More recent studies also including core-powered mass loss suggest larger
mass fractions up to ∼10% are possible, depending on the planet mass and radius
(Rogers et al., 2023). Our range of derived H/He mass fractions are consistent with
these estimates.

2.4 Summary and Discussion

In this chapter we investigate the range of conditions possible in the interiors of hycean
worlds, including their ocean depths, interior compositions and envelope mass fractions.
Our results follow previous works on ocean depths in water-rich sub-Neptunes (Noack
et al., 2016; Nixon and Madhusudhan, 2021), focusing specifically on hycean conditions
and several candidate hycean worlds. Firstly, we find the expected range of ocean
depths to extend from 10s of km to ∼1000 km for hycean worlds. The depth of a
hycean ocean is influenced by the surface conditions, specifically the temperature
and gravity, and is hence sensitive to the planet mass, composition, and assumed
temperature profile in the envelope. We place constraints on the possible ocean depths
and compositions for a sample of five promising hycean candidates with upcoming
JWST data: TOI-270 d, TOI-1468 c, TOI-732 c, K2-18 b and LHS 1140 b. Secondly,
we investigate the mass fractions of the possible H/He envelopes for all the candidates
considered. Across the sample we find the maximum envelope fraction admissible for
hycean conditions to be ∼10−3, for the atmospheric temperature structures explored
in this work. Finally, we also constrain the maximum H/He envelope mass fraction
for non-hycean conditions, i.e. for the limiting case of a rocky core with a thick H/He
envelope but no H2O layer. The corresponding envelope mass fractions are found to
span ∼4 − 8% across the sample.

Our results demonstrate the diverse conditions possible among hycean worlds,
and reinforce their possibility to host habitable conditions under vastly different
circumstances to the Earth. The information we expect to gain on the atmospheric
composition of hycean candidates with JWST may provide an indication if these planets
could indeed be hycean worlds and allow us to place better constraints on the nature
of their interiors and oceans. With JWST, the detection of possible biomarkers in
the atmospheres of hycean candidates remains an exciting and potentially imminent
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prospect. The study by Madhusudhan et al. (2023b) of K2-18 b is an exciting first
look into the capability of JWST to shed light on this regime.

2.4.1 Habitability of Hycean Worlds
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Fig. 2.10 One-dimensional cross-section of a possible ocean of TOI-270 d. This
corresponds to a case with an ocean depth of 443 km. The maximum ocean depth on
Earth is shown as a dashed line, at 11 km.

The habitability of a hycean world depends on a range of factors. In Figure 2.10
we show an example of a possible ocean cross-section for the planet TOI-270 d. The
maximum depth of Earth’s ocean is shown by the dashed line, at ∼11 km (Gardner
et al., 2014). Life in Earth’s oceans spans the entire depth, down to pressures of
∼1000 bar (Rothschild and Mancinelli, 2001; Merino et al., 2019). As we have shown
in Section 2.3, the depth of hycean oceans can span hundreds of km down to pressures
of ∼104 − 105 bar (109 − 1010 Pa) where the transition to ice VI or VII occurs. In this
example in Figure 2.10, the ocean base pressure is at 5.5 × 104 bar. Therefore, the
majority of the ocean exists at temperatures and pressures greater than those known
to host life on the Earth. We define the “habitable depth” as the depth at which we
reach P = 1000 bar and/or T = 400 K. In this example in Figure 2.10, the habitable
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depth is 20 km, where we reach 1000 bar (at 394 K), for an HHB at ∼10 bar and
387 K. The habitable depth in this case is approximately double the deepest point of
Earth’s ocean. Assuming the same surface gravity and temperature, an HHB at lower
pressure would result in a larger habitable depth, due to the dependence of depth on
the change in pressure. However, changing the HHB pressure within our permitted
range makes little difference to the overall ocean depth, which is evident from the rapid
increase of pressure with depth shown in Figure 2.10. We should also note that it is
unknown whether life could evolve to exist in conditions beyond these Earth-based
pressures and temperatures, extending the potentially habitable portion of the ocean.

Hycean planets are generally expected to have high-pressure ice layers beneath
their oceans. The presence of an icy mantle separating the ocean from the rocky core
may have implications for the habitability of water-rich bodies (Maruyama et al., 2013;
Noack et al., 2016; Journaux et al., 2020b; Madhusudhan et al., 2023a). For instance,
the prevention of silicate weathering has been suggested to affect geochemical cycling
(e.g. Kitzmann et al., 2015). However, alternative mechanisms have already been
proposed for ocean worlds with higher mean molecular weight atmospheres which can
also possess high-pressure ice layers (Kite and Ford, 2018; Levi et al., 2017; Ramirez
and Levi, 2018). The geochemical cycles that would occur in hycean environments are
unknown (Madhusudhan et al., 2021) and future work is needed to investigate these
possibilities.

The implications of high-pressure ice layers have also been discussed in the context
of ocean nutrient enrichment (e.g. Noack et al., 2016; Madhusudhan et al., 2023a).
The lack of contact between the ocean and mantle prevents the weathering of the
seafloor that can enrich the ocean with nutrients needed for life. Madhusudhan
et al. (2023a) suggest alternative ways to meet the chemical requirements for life
in hycean oceans, including atmospheric condensation and external delivery from
asteroids/comets. However, transport across high-pressure ice layers has also been
suggested as a possibility, based on a number of works studying convection in the
high-pressure ices that could be present on water-rich exoplanets (Choblet et al., 2017;
Kalousová et al., 2018; Kalousová and Sotin, 2018; Hernandez et al., 2022; Lebec et al.,
2023; Madhusudhan et al., 2023a), along with work on icy moons (e.g. Lingam and
Loeb, 2018; Journaux et al., 2020b). The cases shown in Section 2.3 have high-pressure
ice layers that can generally extend for ≳ 1 R⊕. As is intuitive, a smaller mass of
H2O results in a thinner high-pressure ice layer. For example, as discussed in Section
2.3.2, for TOI-1468 c we find the ice can be as thin as 0.42 R⊕ for an interior with
the minimum permitted mass fraction of H2O, while still maintaining an ocean depth
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of 189 km. The thinner the ice layer, the smaller the distance required to transport
nutrients across. However, the behaviour of high-pressure ices is largely unknown,
including potential interactions between high-pressure ice and the underlying rock (e.g.
Journaux et al., 2020b), and future investigation is required to address these areas.

Our hycean candidates orbit M dwarfs, which are generally more active than higher
mass stars. Effects such as stellar wind and higher UV flux are able to erode a planet’s
atmosphere, which has the potential to make environments hostile to life (e.g. Shields
et al., 2016). However, the level at which a planet will be inhospitable is thought to
be significantly dependent on the atmospheric composition and the level of host star
activity (e.g. O’Malley-James and Kaltenegger, 2017). As pointed out by Madhusudhan
et al. (2021), hycean planets may be more habitable than terrestrial planets around M
dwarfs due to their larger gravity and thicker atmospheres. Furthermore, for instance,
TOI-270 has been shown by multiple studies (Günther et al., 2019; Van Eylen et al.,
2021; Mikal-Evans et al., 2023) to have low stellar activity levels. LTT 3780 (TOI-732)
has also been found to be relatively inactive (Nowak et al., 2020; Cloutier et al.,
2020), as has TOI-1468 (Chaturvedi et al., 2022). Therefore, these hycean candidates
may stand to be among the more promising candidates for life around M dwarfs.
Nevertheless, habitability remains a complex topic and a rigorous assessment would
need to be made on a planet-by-planet basis.

2.4.2 Mixed Envelopes

In this chapter we have not explicitly included mixed envelopes of H2O and H/He. The
difference in the radius obtained assuming a mixed vs an unmixed envelope is found
to be less than the measured uncertainty in Rp of ∼ 0.1 R⊕ for the majority of the
hycean candidates. This is in agreement with Nixon and Madhusudhan (2021) finding
that 1% H2O mixed in a H/He atmosphere has a minimal effect on the radius. They
adopted a 5% envelope fraction, T0 = 500 K, P0 = 0.1 bar and Prc = 10 bar, giving
vapour or supercritical H2O in the envelope to increase the likelihood of miscibility.
It should be noted that for hycean cases, the temperatures in the envelope are much
less than considered by Nixon and Madhusudhan (2021), with a maximum of 400 K.
The envelope mass fractions of hycean worlds are also ∼10 − 100× smaller than this.
Therefore, the effect of the mixed envelope is expected to be even less. In their study of
K2-18 b, Madhusudhan et al. (2020) find the median mixing ratio of H2O to be 0.7–1.6%
across the models considered. With such mixing ratios, they find the radius difference
to be less than half the measured uncertainty when a mixed envelope is considered.
However, the recent study with JWST found a non-detection of H2O (Madhusudhan
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et al., 2023b), differing from the previous study with HST due to degeneracy with CH4.
The low H2O mixing ratio implies the presence of a tropospheric cold trap resulting in
condensation, with H2O possibly more abundant below (Madhusudhan et al., 2023a,b).

Therefore, given the current level of uncertainty in radius measurements, incorpo-
rating the effect of a mixed envelope into our calculations would introduce an extra
source of degeneracy in determining interior compositions, while not significantly af-
fecting results for possible ocean depths. JWST observations of hycean candidates and
sub-Neptunes generally can better constrain their H2O mixing ratios. For instance, for
TOI-270 d Mikal-Evans et al. (2023) found with HST a 99% credible upper limit of
30% for the mixing ratio of H2O, which ruled out a steam atmosphere. Given precise
estimates, we can adopt representative mixed envelope EOSs in future studies of these
planets. JWST observations will allow more precise H2O abundance estimates for both
TOI-270 d and K2-18 b2, and observations of other candidate hycean worlds will reveal
the diversity in H2O abundance. We note that as uncertainties in Rp measurements
improve with next-generation facilities, it could become important to consider the
effect of mixed envelopes.

2.4.3 Future Directions for Internal Structure Modelling

A degenerate set of interior compositions can typically explain the bulk properties of
an exoplanet in the sub-Neptune regime. Precise mass and radius measurements are
therefore critical for internal structure modelling, as these can reduce the number of
plausible solutions. This is evident from Figure 2.7, and from the variation in possible
H/He mass fractions for TOI-732 c based on the available sources for Mp and Rp

measurements. The other essential avenue is atmospheric observations, which can help
to break the degeneracy – this will be discussed further in Section 2.4.4 and in the
subsequent chapters of this thesis.

There are a number of assumptions made in our internal structure model, including
our adopted EOSs, that may be investigated in the future. We do not consider the effect
of hydrated silicate/iron layers, which was recently investigated by Shah et al. (2021).
However, the effect on the M-R relation for super-Earths was found to be smaller than
the current typical precision of measurements. We also note that Shah et al. (2021)
only focused on masses < 3 M⊕, and hence the effects for larger mass sub-Neptunes,
as considered in this chapter, have not been investigated. Including lighter elements
such as sulfur in the iron core would also reduce the density of the rocky layers (Hakim

2E.g. see the most recent observational constraints for K2-18 b (Hu et al., 2025).
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et al., 2018). Similarly, incorporating the effect of thermal expansion for these layers
should be considered in future, beyond the simplistic cold EOS treatment. However,
for hycean worlds with large water mass fractions, the water EOS at high-pressures is
likely the larger source of uncertainty.

Furthermore, the behaviour of high-pressure ices is largely unknown. This includes
potential interactions between the high-pressure ices and underlying rock. Vazan et al.
(2022) suggest that for the mass range 5 − 15 M⊕, ice and rock can be mixed in the
interiors of sub-Neptunes, but whether this occurs is dependent on the conditions at
formation. We also note that the phase transitions and EOS of high-pressure ices are
still very uncertain and require further study. Our H2O EOS can be modified as new
data becomes available. For instance, recent studies have revealed a new phase of ice
VII known as ice VIIt (Grande et al., 2022) which is suggested to have an effect on the
M-R relation comparable to observational uncertainties (Huang et al., 2021).

We have adopted an adiabatic profile throughout the H2O layer, as is commonly
assumed in internal structure models for sub-Neptune-sized planets (e.g. Sotin et al.,
2007; Nixon and Madhusudhan, 2021; Leleu et al., 2021). However, the presence of
thermal boundary layers in the interior would form barriers to convection and could
affect the permitted compositions. The effect of these layers has been explored for
Uranus and Neptune (e.g. Podolak et al., 2019).

2.4.4 Observational Prospects

As we have shown in this chapter, and has been discussed thoroughly in the literature
(e.g. Rogers and Seager, 2010a; Valencia et al., 2013; Leleu et al., 2021; Nixon and
Madhusudhan, 2021), the bulk properties of a sub-Neptune are insufficient to place
robust constraints on its composition, due to degenerate solutions. Atmospheric data
are key for breaking these degeneracies. The first question for these planets will be
establishing the presence or lack of an H2-rich atmosphere. Atmospheric observations
with HST and/or JWST have already confirmed H2-rich atmospheres for K2-18 b
(Benneke et al., 2019; Tsiaras et al., 2019; Madhusudhan et al., 2023b) and TOI-270 d
(Mikal-Evans et al., 2023). However, even if the presence of an H2-rich atmosphere is
established, hycean worlds can be degenerate with sub-Neptunes with either an H2-rich
envelope and a solid rocky surface, or with a deep H2-rich atmosphere that causes the
surface to be too hot to sustain liquid H2O. The essential step in diagnosing a hycean
world is thus establishing the presence of the surface ocean. This requires precise
abundances for a number of different molecules and a comprehensive exploration of the
possible chemical pathways on the planet given these abundances. The key molecules
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are H2O, CH4, NH3, CO2 and CO, in addition to any other hydrocarbons present (Yu
et al., 2021; Hu et al., 2021; Tsai et al., 2021; Madhusudhan et al., 2023a). Figure 8 in
Madhusudhan et al. (2023a) summarises the route to chemically diagnosing a hycean
world via these molecules. In the recent study by Madhusudhan et al. (2023b), enhanced
CH4 and CO2 were detected along with a lack of NH3 in the observable atmosphere
of K2-18 b, suggesting the presence of a surface ocean. This was carried out using
JWST transmission spectra for one transit with each of NIRISS SOSS (Single Object
Slitless Spectroscopy) and NIRSpec G395H. Additional upcoming JWST observations
of K2-18 b, including one transit with MIRI LRS (Low Resolution Spectroscopy) via
the same program (GO 2722) and multiple transits with NIRSpec G395H via GO 2372,
can verify these detections.3

The planets TOI-270 d, TOI-1468 c and TOI-732 c are also scheduled for spectro-
scopic observations with JWST in Cycle 2. For each planet, at least three transits
will be observed, one with each of NIRISS SOSS, NIRSpec G395H and MIRI LRS; for
TOI-270 d, additional NIRISS and NIRSpec observations will be obtained4. These
will be observed in multiple programs (GO 3557, GTO 2759, GO 4098). As discussed
above, the same combination of observations is also being carried out for K2-18 b in
multiple programs (GO 2722 and GO 2372). The predicted uncertainties and long
wavelength coverage are expected to allow robust detections of the key molecules
required to diagnose a hycean planet. The observations are hence expected to aid
the distinction of a hycean world from scenarios of a rocky planet with a thick H/He
envelope, mini-Neptune or water world as outlined above, akin to the initial findings
for K2-18 b (Madhusudhan et al., 2023b). LHS 1140 b has also been observed as part
of Cycle 1 GO Program 2334, with a transit observed with each of NIRSpec G395H
and G235H5.

Hycean worlds are promising candidates for biomarker detection due to their larger
radii and higher temperatures compared to rocky planets. Madhusudhan et al. (2021)
investigated the observability of biomarkers in the atmospheres of hycean candidates
K2-18 b, TOI-270 d and TOI-732 c, considering DMS, CS2, CH3Cl, OCS and N2O
as biomarkers. They predicted that the approved observations of K2-18 b in Cycle 1
would be sufficient to detect biomarkers in its atmosphere if present in the quantities
considered. Potential evidence for DMS in the atmosphere of K2-18 b was suggested

3These observations have since been published in Madhusudhan et al. (2025) and Hu et al. (2025).
4These observations for TOI-270 d have since been published as Holmberg and Madhusudhan

(2024) and Benneke et al. (2024).
5These observations for LHS 1140 b have since been published as Cadieux et al. (2024a) and

Damiano et al. (2024).
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by Madhusudhan et al. (2023b), though the abundance is not robustly constrained by
the retrieval. They note the need for further theoretical exploration of atmospheric
and interior processes when evaluating the viability of any possible biosignature.

The prospect of identifying hycean worlds amongst the exoplanet population and
potentially detecting signs of life on them has recently become a tangible possibility.
There remains the exciting potential for life’s existence on a planet vastly different to
our own. Additional theoretical studies in the future could help further develop our
understanding of hycean worlds and their potential to support life.





Chapter 3

Towards a Self-Consistent
Evaluation of Gas Dwarf Scenarios
for Temperate Sub-Neptunes

3.1 Introduction

The nature of the sub-Neptune population remains debated, as their bulk densities
can be explained by a number of degenerate interior compositions (e.g. Rogers et al.,
2011; Valencia et al., 2013). These include rocky planets with diverse atmospheric
compositions, mini-Neptunes with volatile-rich interiors and deep H2-rich atmospheres,
and water worlds with substantial water mass fractions, including hycean worlds
(e.g. Rogers et al., 2011; Valencia et al., 2013; Dorn et al., 2017; Zeng et al., 2019;
Madhusudhan et al., 2020, 2021; Rigby and Madhusudhan, 2024).

The James Webb Space Telescope (JWST) is revolutionising our understanding
of sub-Neptunes through high-precision atmospheric spectroscopy. Such observations
have led to confident detections and precise abundance constraints for CH4 and CO2

in the atmospheres of the habitable-zone sub-Neptune and candidate hycean world
(Madhusudhan et al., 2021) K2-18 b (Madhusudhan et al., 2023b), demonstrating
the promise of JWST for detailed atmospheric characterisation. Furthermore, such
observations are starting to be available for other temperate sub-Neptunes, including
TOI-270 d (Holmberg and Madhusudhan, 2024; Benneke et al., 2024) – where abundance
constraints for CH4 and CO2 were also retrieved – and LHS 1140 b (Cadieux et al.,
2024a; Damiano et al., 2024). These precise abundance measurements pave the way
towards understanding the interactions between the planet’s atmosphere and interior,
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including the presence and nature of an underlying surface, as well as the planetary
formation processes that give rise to such planets.

As discussed in previous chapters, one of the most distinct features of the sub-
Neptune population is the radius valley, a bimodal distribution of sub-Neptune radii
with a minimum around 1.8 R⊕ (Fulton et al., 2017; Fulton and Petigura, 2018a; Cloutier
and Menou, 2020). Two competing hypotheses have been proposed to explain the
origin of the radius valley. One explanation suggests that the valley is a consequence
of differential atmospheric mass loss between planets of different masses. In this
hypothesis, both populations would be composed of planets with predominantly rocky
interiors. The more massive planets would retain their primary H2-rich atmospheres,
while the less massive ones would instead largely lose their envelope and hence have
a smaller radius. We refer to the larger population, with rocky interiors and a deep
H2-rich atmospheres, as gas dwarfs. The mechanism for the mass loss is debated, with
the predictions of two hypotheses – photoevaporation (e.g. Lopez and Fortney, 2013;
Jin et al., 2014; Owen and Wu, 2017; Jin and Mordasini, 2018) and core-powered mass
loss (e.g. Ginzburg et al., 2016; Ginzburg et al., 2018; Gupta and Schlichting, 2019,
2020) – both proposed to explain the observations (Rogers et al., 2021), potentially in
combination (Owen and Schlichting, 2024). The second explanation (e.g. Zeng et al.,
2019; Venturini et al., 2020; Izidoro et al., 2021) suggests that the valley could instead
be due to planets having different interior compositions. The smaller radius population
would be rocky, as in the atmospheric mass-loss scenario, while the larger population
would be composed of planets with water-rich interiors due to significant accumulation
of icy planetesimals/pebbles during their formation and migration. Atmospheric
observations of planets in the sub-Neptune range may be able to distinguish between
these two scenarios (e.g. Kite et al., 2019, 2020; Daviau and Lee, 2021; Gaillard et al.,
2022; Schlichting and Young, 2022; Charnoz et al., 2023; Misener et al., 2023; Falco
et al., 2024).

While the gas dwarf hypothesis has garnered significant attention in the literature
(e.g. Lopez and Fortney, 2013; Jin et al., 2014; Ginzburg et al., 2016; Owen and Wu,
2017; Jin and Mordasini, 2018; Ginzburg et al., 2018; Gupta and Schlichting, 2019;
Kite et al., 2019; Gupta and Schlichting, 2020; Kite et al., 2020; Bean et al., 2021;
Schlichting and Young, 2022; Charnoz et al., 2023), several open questions remain.
Firstly, it is unclear whether it is possible for rocky cores to accrete a substantial
H2-rich envelope without significant accretion of other volatiles and ices (Fortney et al.,
2013; Venturini et al., 2024). Secondly, it is uncertain whether atmosphere-interior
interactions would give rise to distinct atmospheric signatures. This might be expected
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if the rocky surface were to be molten, giving rise to a magma ocean scenario (Schaefer
et al., 2016; Schaefer and Fegley, 2017; Kite et al., 2019, 2020; Daviau and Lee, 2021;
Gaillard et al., 2022; Schlichting and Young, 2022; Misener et al., 2023; Charnoz et al.,
2023; Falco et al., 2024; Shorttle et al., 2024; Tian and Heng, 2024). However, it is
not fully clear whether this scenario is possible, particularly for planets with a low
equilibrium temperature. For these planets, only a subset of atmospheric structures,
combining sufficient but not exceedingly high surface pressure and very high surface
temperature, could result in magma at the base of the atmosphere.

Several recent studies have explored the implications of a magma ocean on the
atmosphere and interior compositions of diverse planets, both with terrestrial-like
(Schaefer et al., 2016; Schaefer and Fegley, 2017; Daviau and Lee, 2021; Gaillard
et al., 2022; Tian and Heng, 2024) and H2-rich atmospheres (Kite et al., 2019, 2020;
Schlichting and Young, 2022; Misener et al., 2023; Charnoz et al., 2023; Falco et al.,
2024; Shorttle et al., 2024; Tian and Heng, 2024). These works identify several key
factors, including temperature and oxygen fugacity at the bottom of the atmosphere,
that influence the composition of the atmosphere, driven by thermochemical equilibrium
at the gas-melt interface. For example, some notable atmospheric signatures of reduced
conditions in a rocky interior include potential nitrogen depletion (e.g. Daviau and
Lee, 2021; Dasgupta et al., 2022; Suer et al., 2023; Shorttle et al., 2024) and a high
CO/CO2 ratio for H2-rich atmospheres (Gaillard et al., 2022; Schlichting and Young,
2022). However, the interplay between the atmosphere, interior, and the corresponding
surface-atmosphere interactions in sub-Neptunes is only beginning to be explored in a
realistic manner (e.g. Kite et al., 2020; Schlichting and Young, 2022).

In this chapter1, we present an integrated framework to investigate gas dwarf sce-
narios, including magma oceans, for temperate, H2-rich sub-Neptunes. This framework,
outlined in Section 3.2, includes atmospheric and internal structure modelling, melt-gas
interactions, and both equilibrium and disequilibrium processes in the atmosphere,
resulting in spectroscopic predictions of atmospheric observables. We consider ther-
mochemical equilibrium at the magma-atmosphere interface, and the solubility of
volatile (H, C, N, O, S) bearing species in magma. We explore the extreme case of
the habitable-zone sub-Neptune and hycean candidate K2-18 b (Madhusudhan et al.,
2020) to investigate the plausibility of a magma ocean (e.g. Kite et al., 2020; Shorttle

1The contents of this chapter are adapted from Rigby et al. (2024). This work was carried out
with contributions from co-authors, who conducted the atmospheric structure calculations, the melt-
atmosphere interface chemistry, and the spectral predictions, and contributed to the photochemical
modelling and the writing of the manuscript. This paper was adapted to form part of a chapter in
the thesis of co-author Måns Lars Holmberg.
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et al., 2024) and, if present, its atmospheric signatures. In doing so, we first use our
framework to perform a comparative assessment of previous works in this direction in
Section 3.3, both on terrestrial-like atmospheres (Gaillard et al., 2022) and on H2-rich
ones (Kite et al., 2019, 2020; Schlichting and Young, 2022; Charnoz et al., 2023; Misener
et al., 2023; Falco et al., 2024; Shorttle et al., 2024; Tian and Heng, 2024), with a focus
on the case study of the candidate hycean world K2-18 b. We then present our model
predictions in Section 3.4. Finally, we summarise our findings and discuss directions
for future work in Section 3.5, highlighting the need for physically consistent models,
and new experimental and theoretical work to derive accurate fundamental material
properties.

3.2 Methods

We develop an integrated modelling framework to evaluate gas dwarf scenarios for
planets in the sub-Neptune regime. A schematic flowchart of the framework is shown in
Figure 3.1. We start by considering the constraints that the observed bulk parameters
(mass, radius, and hence density) and known atmospheric properties impose on the
planet’s atmospheric and internal structure. This enables us to infer the possible
surface conditions at the interior-atmosphere boundary, and, by considering a relevant
mineral phase diagram, assess whether such conditions can in principle lead to a
magma ocean scenario. If they can, we proceed by modelling the chemistry at the
magma-atmosphere interface, which is determined by equilibrium processes including
the solubility of relevant volatiles in the silicate melt, providing us with the elemental
abundances in the gas phase at the interface. These are then evolved to the rest of
the atmosphere, assuming chemical equilibrium in the lower atmosphere, and non-
equilibrium processes (photochemistry and vertical mixing) in the upper atmosphere.
This allows us to compute the observable composition of the atmosphere, which can
be compared with the molecular abundances retrieved through observations to finally
assess the plausibility of a magma ocean scenario for the planet. We now describe in
detail each of the steps outlined above.

3.2.1 Atmospheric Structure and Composition

We begin by modelling the atmospheric temperature structure in a self-consistent
manner. In order to do so, the atmospheric chemical composition needs to be assumed.
This can be done either by assuming the elemental abundances and atmospheric
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Fig. 3.1 Flowchart showing our integrated modelling framework to assess gas dwarf
scenarios for planets in the sub-Neptune regime.
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chemistry, or by directly assuming the molecular mixing ratios in the atmosphere.
Other parameters that need to be taken into account include the internal temperature
Tint representing an internal heat flux, the incident irradiation, the stellar properties,
the presence and characteristics of clouds/hazes in the planet’s atmosphere, and the
efficiency of day-night energy redistribution. The self-consistent calculation will yield
a pressure-temperature (P -T ) profile, which will be coupled to the internal structure
model, as discussed in Section 3.2.2.

In order to carry out the self-consistent modelling of the atmospheric structure,
we use the GENESIS framework (Gandhi and Madhusudhan, 2017) adapted for sub-
Neptunes (Madhusudhan et al., 2020; Piette and Madhusudhan, 2020; Madhusudhan
et al., 2021, 2023a). GENESIS solves for radiative-convective equilibrium throughout
the atmosphere, which is assumed to be plane-parallel, using the Rybicki scheme. It
carries out line-by-line radiative transfer calculations through the Feautrier method
(Hubeny, 2017) and the discontinuous finite element method (Castor et al., 1992), while
taking into account all of the parameters mentioned earlier in this section.

For the atmospheric composition, we adopt uniform mixing ratios of molecular
species based on the retrieved values at the terminator region of K2-18 b (Madhusudhan
et al., 2023b). We use the median retrieved abundances for the one-offset case:
log (XCH4) = −1.72 and log (XCO2) = −2.04. For H2O, we consider the 95% one-offset
upper limit, log (XH2O) = −3.01. We also assume the incident irradiation and stellar
properties of K2-18 b, and uniform day-night energy redistribution. We then explore
the remaining parameter space. In particular, we consider two end-member values for
Tint, 25 K and 50 K, following Madhusudhan et al. (2020) and Valencia et al. (2013),
and three values for a, the haze Rayleigh enhancement factor: 100, 1500 and 10000.
We consider four combinations of these parameters, obtaining a cold case (designated
C1, corresponding to Tint = 25 K, a = 10000), two canonical cases (both with a = 1500,
designated C2 for Tint = 25 K and C3 for Tint = 50 K) and a hot case (C4, with
Tint = 50 K and a = 100). These profiles are shown in Figure 3.6.

We place the upper boundary of the atmosphere at 10−6 bar, and calculate the P -T
profile self-consistently down to 103 bar, below the radiative-convective boundary. At
higher pressures, we extrapolate the profile as an adiabat, using the H2/He equation
of state (EOS), ρ = ρ(P, T ), and adiabatic gradient from Chabrier et al. (2019).
We note that, in principle, an appropriate P -T profile may be even colder than C1,
considering the constraints on clouds/hazes at the terminator from observations of
K2-18 b (Madhusudhan et al., 2023b).
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Fig. 3.2 Cross-section of the internal structure of a potential gas dwarf, including the
H2-rich envelope, silicate mantle and iron core.

3.2.2 Internal Structure Modelling

We model planetary internal structures using the HyRIS framework, outlined in
Chapter 2. For the purpose of this study investigating gas dwarf scenarios, the internal
structure model includes a H2-rich envelope, a silicate mantle, and an iron core. A
schematic of this structure is shown in Figure 3.2.

The silicate mantle is described by EOSs valid for the liquid and solid phases – for
simplicity, we adopt a separate EOS prescription on either side of a melting curve. The
composition is nominally assumed to be peridotitic. The magma is described by an
EOS for peridotitic melt compiled similarly to Monteux et al. (2016), by combining the
densities of molten enstatite, forsterite, fayalite, anorthite and diopside, described by
third-order Birch-Murnaghan/Mie-Grüneisen EOSs from Thomas and Asimow (2013),
weighted by their mass fractions. The resulting EOS for peridotitic melt is shown for
different isotherms in Figure 3.3. For the purpose of this initial study, we assume that
complete melting occurs at the liquidus, and hence do not include an EOS prescription
for the partial melt between the solidus and liquidus curves. We use the peridotite
liquidus from Monteux et al. (2016), based on Fiquet et al. (2010) – both the liquidus
and solidus are shown in Figure 3.4 (Fiquet et al., 2010; Monteux et al., 2016).

The solid portion of the silicate mantle is described by the EOS of Lee et al.
(2004) for the high-pressure peridotite assemblage. This EOS is also in the form
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Fig. 3.3 Equation of state for peridotitic melt used in this chapter, shown for different
isotherms. The EOS is compiled according to Monteux et al. (2016) using prescriptions
from Thomas and Asimow (2013).

of a Birch-Murnaghan EOS with a Mie-Grüneisen thermal correction. At extreme
mantle pressures beyond the pressure range of these experiments (107 GPa), we use the
temperature-independent EOS of Seager et al. (2007) for MgSiO3 perovskite, originally
derived at room temperature. The thermal effects for solid silicates at these high
pressures are small (Seager et al., 2007) with negligible effect on the internal structure.
The iron core is described by the EOS of Seager et al. (2007) for hexagonal close-packed
Fe, as in Chapter 2.

The temperature structure in the melt is assumed to be adiabatic. The adiabatic
gradient (Equation 1.8) is calculated using the specific heat for peridotite from Monteux
et al. (2016) and the volume expansion coefficient that we calculate from the combined
peridotite melt EOS. The adiabatic gradient in the upper portion of the solid mantle
is calculated following Lee et al. (2004). Following previous studies (e.g. Rogers
et al., 2011; Nixon and Madhusudhan, 2021; Rigby and Madhusudhan, 2024), the
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remaining solid portion of the interior is taken to be isothermal, as the EOSs used are
temperature-independent (Seager et al., 2007).

The mass of the magma ocean follows from the adiabatic temperature profile in the
melt, similarly to the calculation of water ocean depths by Nixon and Madhusudhan
(2021) and Rigby and Madhusudhan (2024), as outlined in Chapter 2. The melt
adiabat and hence the magma base pressure are defined by the surface pressure and
temperature. For a given interior composition and corresponding surface conditions,
the mass of the melt can thus be calculated. We adapt HyRIS to automate the
extraction of the relevant melt characteristics, similar to the methods for water oceans
in Chapter 2 (Rigby and Madhusudhan, 2024). The mass fraction of the melt is an
important quantity for considerations of the available volatile reservoir, as discussed
below. We note that the moderate increase of the magma ocean mass fraction that
may result from partial melting is partly accounted for by our range of considered melt
masses in Section 3.4.3.
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Fig. 3.4 Left: Pressure in the H2-rich envelope against the envelope mass fraction above
this pressure level. Solid and dashed lines show these assuming C2 and the profile
used by S24 in the envelope respectively. The black squares indicate expected surface
conditions for different envelope mass fractions, independent of satisfying the bulk
properties of the planet. Right: The nominal pressure-temperature profiles generated
for this work and the P -T profile from S24 are shown against the liquidus and solidus
for peridotite (Fiquet et al., 2010; Monteux et al., 2016). The solid and liquid phases are
shaded. The black squares again show the corresponding surface conditions expected
for the different envelope mass fractions.



94 Gas Dwarf Scenarios for Temperate Sub-Neptunes

3.2.3 Melt-atmosphere Interface Chemistry

The atmospheric chemistry is constrained by the elemental composition at the bottom
of the atmosphere, which is governed by the interactions at the interface of the magma
ocean and atmosphere. At this boundary, we model the reactions and solubility of
the gas species in thermochemical equilibrium. We include 82 H-C-N-O-S gas species
and He, the set of which we denote X, and their equilibrium reactions, nominally
excluding other effects such as condensation and exsolution. Of these volatile species,
we consider the solubility in the melt of H2 (Hirschmann et al., 2012, basalt case),
H2O (Iacono-Marziano et al., 2012), CO (Yoshioka et al., 2019, MORB case), CO2

(Suer et al., 2023), CH4 (Ardia et al., 2013), N2 (Dasgupta et al., 2022), S2 (Gaillard
et al., 2022) and H2S (Clemente et al., 2004), as further motivated in Appendix A.1.
We note that the solubility of H2S is uncertain at high temperatures/pressures and
may be higher if, for example, its solubility approaches that of S2. Furthermore, we
are not considering the possible exsolution of FeS, which may affect the abundance of
sulfur in the atmosphere. Likewise, the overall solubility of nitrogen is calculated here
through N2, and may be higher if the solubility of NH3 is significant. The data on NH3

solubility in magma is currently limited and it is difficult to make any quantitative
estimates of NH3 solubility. For the explicitly composition-dependent laws, we use the
Iacono-Marziano et al. (2012) Etna basalt melt composition. As noted in Appendix A.1,
this choice is due to the wide availability of solubility laws for basaltic melt and the
association of basalt with peridotite, which we adopt as the mantle composition in the
internal structure modelling. We note that basalt is formed from the partial melting of
peridotite, meaning that the solubility behaviour may not be realistic for fully molten
peridotite. In general, our choice of solubility laws were made by prioritising the
validity at high-pressures and how recently the data was obtained – this is explained
in detail in Appendix A.1. Similarly to Kite et al. (2020), we assume that the magma
is well-stirred such that the equilibration at the surface sets the volatile abundance
throughout the melt.

These solubility laws relate the partial pressures in the atmosphere to the con-
centrations of the volatiles in the melt. The amount of volatiles in the melt thus
depends on the equilibrium chemistry, the solubility and the total mass of the melt,
Mmelt. For a given mass of the atmosphere and the melt, which are determined by the
internal structure model, we have the following mass balance condition for each species
i (similar to Gaillard et al., 2022),

Mtot wi = Matm wi,atm + Mmelt wi,melt , (3.1)
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where wi is the total mass fraction of each species i. The initial volatile budget is
set by the mass of the atmosphere, assuming some atmospheric metallicity – in the
following sections, we typically adopt 50× solar metallicity.

To determine the chemical composition of the atmosphere and the melt, we solve
the element conservation equations

εj =
∑
i ∈ X

νij
ni

n⟨H⟩
, (3.2)

where ni is the total amount of moles of species i, n⟨H⟩ = nH +2nH2 +2nH2O + . . . is the
total amount of moles of hydrogen, νij are the coefficients of the stoichiometric matrix,
and εj is the elemental abundance of element j relative to hydrogen. Equation (3.2) is
coupled to Equation (3.1) via ni ∝ wi/µi, where µi is the molar mass, which in turn is
coupled to the law of mass action,

pi

p−◦ = Ki

∏
j ∈ E

(
pj

p−◦

)νij

, (3.3)

and the solubility laws, determining both wi,atm and wi,melt. Here, E is the set of
all elements, pi is the partial pressure of species i, Ki is the temperature-dependent
equilibrium constant, and p−◦ is a standard pressure of 1 bar. For each gas species, we
approximate the equilibrium constant as

ln K(T ) = a0

T
+ a1 ln T + b0 + b1T + b2T

2 , (3.4)

using the coefficients provided by FASTCHEM (Stock et al., 2018, 2022), mainly
derived using thermochemical data from Chase (1998).

Overall, Equation (3.3) depends on the elemental partial pressures, with 6 unknowns,
corresponding to the 6 elements considered. Nominally, we solve for these using the 5
equations in (3.2) for all elements apart from hydrogen, together with

Ps =
∑
i ∈ X

pi , (3.5)

to fix the total pressure. This treatment of oxygen yields a first-order estimate of the
redox state as set by the atmosphere. Alternately, we consider oxygen fugacity (fO2)
as a free parameter, by determining pO in Equation (3.3) via fO2 = pO2 = KO2 p2

O/p−◦ ,
allowing us to consider different redox conditions. In this framework, we assume ideal
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gas behaviour such that fugacity and partial pressure are equivalent (e.g. Bower et al.,
2022; Schlichting and Young, 2022).

As a cross-check, we validate our new framework against a self-consistent atmosphere
composition model (e.g. Schaefer and Fegley, 2017) which uses the Gibbs free energy
minimization code IVTANTHERMO (Belov et al., 1999). IVTANTHERMO uses a
thermodynamic database based on Gurvich and Veyts (1990), which we modify to
include the silicate-melt dissolved volatile species H2, OH−, O2−, CO, CO2, CH4, N3−,
and S2−. We calculate equilibrium between a total possible 366 gas species and 201
condensed species. For the dissolution reactions, we assume no change in isobaric
heat capacity, ∆Cp = 0, and that any temperature dependence in the equilibrium
constant is due to the heat of the reaction. However, data is available only in limited
temperature ranges for most dissolution reactions, so we assume a simple Henry’s law
solubility relation for all of the dissolved species except S2−, OH−, H2, and CH4. We
also neglect non-ideality in both the gas phase and melt. Using IVTANTHERMO, we
then compute self-consistent equilibrium between the gas phase and melt species as a
function of pressure and temperature.

For this comparison, we use 50×solar bulk elemental abundances (not including
He), Ps = 104 bar, Ts = 3000 K, and Mmelt/Matm = 0.20, which is given by the
gas-to-melt mass ratio as calculated by IVTANTHERMO. We find that all major
H-C-N-O-S gas species agree to within at most 0.35 dex (standard deviation of 0.1
dex), with the largest deviation coming from CO2. This deviation mostly stems from
the oxygen fugacities being somewhat different between the two approaches, with
IVTANTHERMO yielding a 0.35 dex lower value. Furthermore, we verify that we
recover the atmospheric abundances given by FASTCHEM 2 (Stock et al., 2022) and
GGCHEM (Woitke et al., 2018) when setting Mmelt = 0.

3.2.4 Atmospheric Chemistry

We carry out equilibrium and disequilibrium chemistry calculations to determine
the atmospheric composition above the magma/rock surface. We use the VULCAN
photochemical kinetics framework (Tsai et al., 2021), with the initial atmospheric
chemistry obtained using the FASTCHEM equilibrium chemistry code (Stock et al.,
2018).

For equilibrium chemistry calculations, we consider thermochemical equilibrium
involving H-C-N-O-S species as well as He, along with H2O condensation. For calcula-
tions considering disequilibrium processes, we additionally include the effects of vertical
mixing and photochemistry. We follow the Kzz parameterisation of Madhusudhan et al.
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(2023a):

Kzz/cm2s−1 =


min( 5.6×104

(P/bar)
1
2
, 1010), P ≤ 0.5 bar

106, P > 0.5 bar,
(3.6)

Although we note that the Kzz in the troposphere could be higher (e.g. ∼107 −
108 cm2 s−1) in the deep convective region of the atmosphere or lower (e.g. ∼104

cm2 s−1) in any radiative regions if moist convection is inhibited by the high molecular
weight of water in the H2-rich atmosphere (see Leconte et al., 2024). Accordingly, we
consider a wider range of Kzz values than our canonical treatment in Section 3.4.5 and
Appendix A.2.

Additionally, we consider photochemical reactions including H-C-N-O-S species,
using a nominal stellar spectrum from the HAZMAT spectral library (Peacock et al.,
2020) corresponding to a median 5 Gyr star of radius 0.45 R⊙, following previous work
(Madhusudhan et al., 2023a). We also specifically consider the condensation of H2O to
liquid and solid droplets, which fall at their terminal velocity, as described in Tsai et al.
(2021). We note that while the H-C-N-O chemistry has been extensively explored for
sub-Neptunes in various studies (e.g. Yu et al., 2021; Hu et al., 2021; Tsai et al., 2021;
Madhusudhan et al., 2023a), the S chemistry has not been explored in significant detail
and may be incomplete. Nevertheless, we include S using the VULCAN framework
(Tsai et al., 2021) for completeness.

With the above calculations we obtain the vertical mixing ratio profiles for a number
of relevant chemical species in the atmosphere. The abundances of key species in
the observable part of the atmosphere can then be compared against the constraints
retrieved from an atmospheric spectrum.

3.2.5 Spectral Characteristics

We use the results of the chemistry calculation described in Section 3.2.4 to simulate
how such an atmosphere would appear in transmission spectroscopy, including the
spectral contributions of relevant species. For this, we use the forward model generating
component of the VIRA retrieval framework (Constantinou and Madhusudhan, 2024),
which treats the planet’s terminator as a 1D atmosphere in hydrostatic equilibrium. We
consider atmospheric opacity contributions from H2O (Barber et al., 2006; Rothman
et al., 2010), CH4 (Yurchenko and Tennyson, 2014), NH3 (Yurchenko et al., 2011), CO
(Li et al., 2015), CO2 (Tashkun et al., 2015), C2H2 (Chubb et al., 2020), HCN (Barber
et al., 2014), H2S (Azzam et al., 2016; Chubb et al., 2018) and SO2 (Underwood et al.,
2016). We do not include N2 in the model, as it has no significant absorption features
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in the near-infrared and it is not present in significant enough quantities to affect the
atmospheric mean molecular weight. We additionally consider atmospheric extinction
arising from H2-H2 and H2-He collision-induced absorption (Borysow et al., 1988; Orton
et al., 2007; Abel et al., 2011; Richard et al., 2012), which provide the spectral baseline,
as well as H2 Rayleigh scattering. We simulate transmission spectra using the vertical
mixing ratio profiles computed using VULCAN as described above, and the P -T profile
appropriate to each case considered.

3.3 Results: Comparison with Previous Work

We now apply the framework described in Section 3.2 and compare with previous works
on both terrestrial-like and sub-Neptune atmospheres.

3.3.1 Terrestrial-like Atmospheres

Many previous studies have investigated surface-atmosphere interactions for magma
oceans underneath terrestrial-like atmospheres (e.g. Matsui and Abe, 1986; Elkins-
Tanton and Seager, 2008; Hamano et al., 2013; Lebrun et al., 2013; Wordsworth, 2016;
Kite and Schaefer, 2021; Lichtenberg et al., 2021; Bower et al., 2022; Gaillard et al.,
2022). Recent studies have explored the implications of diverse interiors of exoplanets
for their atmospheric compositions. Daviau and Lee (2021) proposed that, for reduced
conditions, nitrogen is expected to be preferentially sequestered in the mantle, providing
a valuable way to study the interior composition of such exoplanets. More recently,
Gaillard et al. (2022) investigated the primordial distribution of volatiles within the
framework of melt-atmosphere interactions and discussed applications for Venus and
Earth. For the early Earth, they find that reduced conditions, with oxygen fugacity
two dex below the iron-wüstite (IW) buffer, fO2 ≲ IW − 2, result in an atmosphere
abundant in H2, CO and CH4 but depleted in CO2 and N2. On the other hand, for
fO2 ≳ IW + 2, CO2 becomes the main atmospheric component, with significant levels
of SO2, N2 and H2O. In particular, the behaviour of nitrogen is a consequence of the
high solubility of N2 as N3 in silicate melt at reducing conditions (e.g. Libourel et al.,
2003; Dasgupta et al., 2022), via the following reaction

1
2N2 (gas) + 3

2O2− (melt) ⇌ N3 − (melt) +3
4O2 (gas) . (3.7)
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As a result, the melt concentration of N3- is proportional to f
1/2
N2 f

−3/4
O2 , thus favouring

low fO2 . In conclusion, these works predict that the abundance of atmospheric nitrogen
may be used as a diagnostic for the redox state of a rocky planet’s mantle.

As a benchmark, we compare our melt-atmosphere equilibrium chemistry framework
with Gaillard et al. (2022). We use their case with a magma ocean mass of half the
bulk silicate mantle at T = 1773 K and with volatile contents of 90, 102, 3.3, and 126
ppm-wt for C, H, N, and S, respectively. With this, we reproduce their atmospheric
composition as shown in Figure 3.5. Compared to our nominal setup in Section 3.2.3,
we added a constraint for the hydrogen abundance and solved for the resulting mass of
the atmosphere, coupled to the surface pressure using (Gaillard et al., 2022)

Ps = gMatm

4πR2
p

, (3.8)

where g is the gravitational acceleration at Rp. For a like-to-like comparison, we
added the condensation of graphite and used the same gas species (excluding Ar) and
solubility laws as Gaillard et al. (2022). Overall, we find good agreement between both
implementations, with the most deviation coming from N2 and CH4. We find that
the N2 discrepancy comes from an inconsistency in the code by Gaillard et al. (2022),
whereby they use a molar mass of 14 g/mol for N2 instead of 28 g/mol. The remaining
discrepancy is likely a result of minor differences in the implementations of the different
reactions. We find that by accounting for some of these differences we can better
match the result by Gaillard et al. (2022), as shown in Figure 3.5. For this purpose, in
addition to considering their adopted molar mass, we implemented the reactions CH4

+ 2 O2 ⇌ 2 H2O + CO2 and H2O ⇌ 0.5 O2 + H2 using the equilibrium constants
by Gaillard et al. (2022) to obtain the partial pressures of CH4 and H2O, instead of
deriving these from the elemental partial pressures as described in Section 3.2.3. We
also used the oxygen fugacity of the IW buffer from Gaillard et al. (2022) instead of
Hirschmann (2021).

3.3.2 Sub-Neptunes with Hydrogen-Rich Atmospheres

Several recent studies have also explored magma-atmosphere interactions in sub-
Neptunes with rocky interiors and H2-rich atmospheres. Kite et al. (2019) considered
the impact of H2 solubility in silicate melts on the radius distribution of sub-Neptunes,
addressing the radius cliff, a sharp decline in the abundance of planets with Rp ≳ 3R⊕.
They find that the high solubility of H2 in magma, especially at high pressure, limits
the maximum radius that can be attained by sub-Neptunes through the accretion of
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Fig. 3.5 Comparison with Gaillard et al. (2022), showing the atmospheric composition
as a function of oxygen fugacity. The solid lines show the partial pressures from our
melt-atmosphere framework, described in Section 3.2.3. The transparent lines are
computed using the code from Gaillard et al. (2022), and the dashed lines are computed
with our framework modified to approximate the results from Gaillard et al. (2022).
The dotted line at the top illustrates the total surface pressure.

atmospheric H2. For a 10 M⊕ core they find a limiting mass fraction of 1.5 wt% H2

in the atmosphere – corresponding to > 20 wt% H2 in the planet – as any additional
H2 would be stored almost exclusively in the interior. Looking at smaller planets
(2 R⊕ ≤ Rp ≤ 3 R⊕), Kite et al. (2020) find that magma-atmosphere interactions
would significantly affect the atmospheric composition and mass. For example, a key
insight is that the H2O/H2 ratio in the atmosphere reflects not only external water
delivery, but also water production as a result of atmosphere-magma interactions. This
would make the H2O/H2 ratio a good diagnostic for the atmospheric origin, as well as
for the magma composition. In particular, it is found to be proportional to the magma
FeO content.

Further investigations were carried out by Schlichting and Young (2022), Charnoz
et al. (2023) and, most recently, Falco et al. (2024). Considering a surface temperature
Ts = 4500 K, 1% to 14% H mass fractions (of overall planet mass) and model parameters
resulting in fO2 ≲ IW − 2, Schlichting and Young (2022) find that the atmosphere is
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expected to be dominated across the explored parameter space by H2, SiO, CO, Mg
and Na, followed by H2O, which should exceed CO2 and CH4 by two to three orders
of magnitude. It should be noted they do not include N in their model. Charnoz
et al. (2023) and Falco et al. (2024), instead, consider total hydrogen pressures ranging
between 10−6 and 106 bar, temperatures between 1800 and 3500 K, and do not include
any volatiles in their calculations, but also show that detectable absorption features
of H2O and SiO should be expected. Additionally, the volatile-free investigation by
Misener et al. (2023) finds that silane (SiH4) should also be expected, dominating over
SiO at P ≳ 0.1 bar for an isothermal T = 1000 K P -T profile in the upper atmosphere.
Most recently, Tian and Heng (2024) also investigated the outgassing mechanism for
hybrid atmospheres in sub-Neptunes, but without considering solubilities in magma.

3.3.3 End-member Scenario of K2-18 b

Some of the principles described above were recently applied to the habitable-zone
sub-Neptune K2-18 b by Shorttle et al. (2024), hereafter S24. Similarly to Schlichting
and Young (2022) and Gaillard et al. (2022), S24 point to a high CO/CO2 ratio and,
like Daviau and Lee (2021) and Gaillard et al. (2022), a depletion in atmospheric N
as signatures for the presence of a magma ocean and/or a reduced interior. It should
be noted that the case of K2-18 b constitutes an end-member scenario. While most
of the work on magma oceans has focused on very hot planets (e.g. Kite et al., 2016;
Schaefer et al., 2016; Kite et al., 2020; Gaillard et al., 2022; Charnoz et al., 2023;
Misener et al., 2023; Falco et al., 2024), K2-18 b is a temperate sub-Neptune with
equilibrium temperature Teq = 272 K (assuming an albedo AB = 0.3), close to that
of the Earth. Here, we assess the findings of S24 using the framework described in
Section 3.2 and Figure 3.1.

We briefly note that in addition to gas dwarf and hycean world scenarios, a mini-
Neptune scenario with a thick H2-rich atmosphere has also been proposed for K2-18 b
(e.g. Hu et al., 2021; Wogan et al., 2024). Wogan et al. (2024) conduct photochemical
modelling of mini-Neptune cases for K2-18 b, suggesting a plausible solution. However,
as noted in Glein (2024), the calculated abundances are unable to match the retrieved
abundances (Madhusudhan et al., 2023b). In particular, the mixing ratios of CO and
NH3 are too large compared to the retrieved abundances, as is the CO/CO2 ratio.
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Consistency with Bulk Parameters

At the outset, it is important to ensure that any assumption about the internal structure
is consistent with the planetary bulk parameters. Previous studies have shown that the
bulk parameters of K2-18 b allow a degenerate set of solutions between a mini-Neptune,
a hycean world, or a rocky world with a thick H2-rich atmosphere, i.e. a gas dwarf
(Madhusudhan et al., 2020, 2021; Rigby and Madhusudhan, 2024). Considering the
present gas dwarf scenario, a purely rocky interior would require a minimum H2-rich
envelope mass fraction of ∼1% (Madhusudhan et al., 2020), as discussed below.

The model grid of S24 contains four values of mantle mass fraction relative to the
total planet mass (0.001, 0.01, 0.1, and 1) and five values of the hydrogen mass fraction
relative to the mantle mass (1, 10, 100, 1000 and 10000 ppm). Firstly, all the cases
with a mantle mass fraction of 1 violate mass balance, as the sum of the mantle and
atmospheric masses would exceed the total planet mass. Secondly, for the gas dwarf
scenario, as noted above, the bulk density of K2-18 b requires an H2-rich atmosphere
with a minimum mass fraction of ∼1%. In the S24 model grid, there is only one model
which has an atmospheric mass fraction of 1%, and it corresponds to a mantle mass
fraction of 1, as noted above. It follows that all the remaining cases, with H2 mass
fraction below 1%, are incompatible with the planet’s bulk density.

In order to estimate the allowed atmospheric mass fractions for K2-18 b in the
gas dwarf scenario, we consider four possible interior compositions, illustrated in
Table 3.1: fsilicate = 100%, Earth-like (fsilicate = 67%), Mercury-like (fsilicate = 30%)
and fsilicate = 5%, where fsilicate is the mass fraction of the interior (i.e. excluding the
envelope) in the silicate mantle. We include fsilicate = 5% as a high-density end-member
case, close to the upper limit for the allowed envelope mass fraction. Similarly, the
extreme pure-silicate interior case is included as an end-member, yielding the lower
limit on the allowed envelope mass fraction for a gas dwarf scenario. We adopt the
median planetary mass Mp = 8.63 M⊕ (Cloutier et al., 2019) and radius Rp = 2.61 R⊕

(Benneke et al., 2019) of K2-18 b. The allowed envelope mass also depends on the
choice of P -T profile, with hotter profiles leading to lower envelope masses for a given
interior composition, as shown in Table 3.1.

Considering the four self-consistent P -T profiles described in Section 3.2.1, we find
that an envelope mass fraction xenv ≥ 1.34% is required for consistency with the bulk
parameters. This limit corresponds to the extreme case of a 100% silicate interior,
adopting C4 for the envelope P -T profile. For a like-to-like comparison with the S24
model grid, we also consider their P -T profile, which is the profile from Benneke et al.
(2019) log-linearly extrapolated to higher pressures. For this profile, we find envelope



3.3 Results: Comparison with Previous Work 103

mass fractions of xenv ≥ 0.90% are required, again corresponding to the extreme 100%
silicate interior case. Overall, we find that all the models in the model grid of S24 are
incompatible with mass balance and/or the bulk density of the planet considered. We
demonstrate a self-consistent approach of accounting for the observed bulk parameters
of K2-18 b in such calculations in Section 3.4.

Feasibility of a Magma Ocean

As described in Section 3.2.2 and shown in Figure 3.4, given an interior composition,
the choice of P -T profile affects the resulting envelope mass fraction. This, in turn,
determines the surface pressure and temperature and the liquid/solid phase of the rocky
surface underneath. Therefore, it is important to consider a physically motivated P -T
profile in the envelope. As mentioned above, S24 consider the P -T profile from Benneke
et al. (2019) at low pressures (P ≤ 4 bar) and perform a log-linear extrapolation to
the deep atmosphere. The resulting temperature gradient can be significantly different
from other self-consistent model P -T profiles for the H2-rich envelope (e.g. Hu, 2021;
Madhusudhan et al., 2023a; Leconte et al., 2024); an example is shown in Figure 3.4.

We also note, however, that the actual surface temperature at the magma-atmosphere
interface (Ts) used in S24 appears to be a free parameter rather than self-consistently
determined from their P -T profile. The Ts ranges between 1500 K and 3000 K, but
the corresponding pressure is not clear, considering their assertion that the maximum
surface pressure allowed by the model is 108 bar. This pressure also appears to be
inconsistent with their maximum envelope mass fraction of 1%. Across the range of
rocky compositions we consider, the maximum pressure reached is ∼5-7×105 bar for
envelope mass fractions ∼5-7% depending on the P -T profile, as shown in Table 3.1
and Figure 3.4.

Nevertheless, in order to establish the feasibility of achieving melt conditions in the
S24 model, we consider the five highest envelope mass fractions used in S24. We adopt
their mantle mass fraction of 1 and the corresponding five H2 mass fractions in their
model grid, with a maximum of 1%. We then use these envelope mass fractions and
the S24 P -T profile to determine the corresponding expected surface pressures and
temperatures, independent of satisfying the planetary bulk properties. These model
points are shown in Figure 3.4 along with the liquidus and solidus curves for peridotite
(Fiquet et al., 2010; Monteux et al., 2016). We find that only two of these five cases
result in a magma surface in our framework. Finally, since we considered only the five
highest envelope mass fractions of S24, it follows that all of the other models would
also be unlikely to result in melt. We further note that for the two cases that result in
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a magma surface in S24, the magma mass fraction they consider is equal to the planet
mass. However, based on the temperature structures shown in Figure 3.6, we find that
the maximum magma mass fraction across the different interior compositions is ∼13%,
potentially somewhat higher as a result of partial melting, but not 100%.

Magma-Atmosphere Interactions

If the plausibility of a magma ocean is established, the melt-atmosphere interaction
must be considered to determine its effect on the atmospheric composition. As described
in Section 3.2.3, the gas phase composition depends on the pressure and temperature at
the interface, the elemental abundances, the amount of magma available, the solubilities
of the chemical species, and the chemical properties of the melt.

For the case of K2-18 b, S24 consider oxygen fugacity as a free parameter and assess
the abundances of several H-C-N-O species in the lower atmosphere following melt-
atmosphere interactions. They determine the atmospheric composition by considering
three reactions, CO2 + 2 H2 ⇌ CH4 + O2, 2CO2 ⇌ 2 CO + O2, and 2H2O ⇌ 2 H2 +
O2, in thermochemical equilibrium, and solubilities of CH4, N2, CO2, and H2O in the
magma. However, we note that these reactions do not encompass all the prominent
H-C-N-O molecules at the considered conditions. In particular, NH3 is expected to be
the dominant N-bearing species at the base of the atmosphere. By not including NH3

and its equilibrium with N2 and H2, S24 may be overestimating the nitrogen depletion
in the atmosphere, given that all of the nitrogen is assumed to be in N2, which is very
soluble in magma at reducing conditions, as we show in Figure A.1 in Appendix A.1.

In our framework, described in Section 3.2.3, we find that nitrogen depletion in the
atmosphere increases by several orders of magnitude by not including NH3. Ultimately,
this highlights the importance of the completeness of the reactions and solubilities
considered. Finally, we note that it is also possible to not have significant N depletion
even in the presence of a molten surface depending on the pressure and temperature,
as shown in Table 3.1.

Atmospheric Composition and Observables

The properties at the surface determine the composition in the upper layers of the
atmosphere, and hence its observable characteristics. These are strongly influenced
by model assumptions on elemental abundances. S24 allow the C/H ratio to vary
between 0.01× solar and 100× solar, while keeping the N/H ratio fixed to solar, i.e.,
N/H = 6.76 × 10−5 by number. This itself limits the NH3 log-mixing ratio to at most
log (XNH3) ∼ −4, close to the upper bound of −4.46 found by Madhusudhan et al.
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(2023b), and biases the model by construction to allow for up to 100× more (or down
to 100× fewer) C-based molecules than N-based ones. The dependence of the S24
model outcomes on the choice of C/H values is not reported. It should be noted that a
100× enhancement or depletion of C/H without any change in N may be difficult to
reconcile with potential formation mechanisms.

We note two further points regarding the abundance of C- and N-bearing species
predicted by S24. Firstly, S24 appear to indicate that the total abundances of carbon
in their models reach up to 3.8 wt% of the planet mass. It is, however, unclear how
this may be compatible with their assumptions of a C/H ratio of at most 100× solar
and an H mass fraction ≤ 1%, given they adopt the Asplund et al. (2009) value for
(C/H)⊙, i.e., 3.2 × 10−3 by mass. Secondly, as argued in Section 3.3.3, only the largest
atmospheric mass fractions S24 consider can potentially lead to a magma ocean. At
the resulting surface pressures, however, their model predicts a log-mixing ratio for
CO2 of logXCO2 ≲ −3. This is at the lowest end, if not outside, of the 1σ confidence
interval presented in Madhusudhan et al. (2023b). Furthermore, the CO abundance or
the CO2/CO ratio are not reported in S24, making it difficult to assess the validity of
the chemical estimates.

Finally, S24 argue that the model spectra from their model ensemble provide a
qualitatively reasonable match to the data. Even if the model spectra were taken at
face value, the lack of a reported goodness-of-fit metric precludes a reliable assessment
of the match to data. More generally, a limited grid of forward models is insufficient to
robustly explore the full model space taking into account all the degeneracies involved
in an atmospheric spectral model and to obtain a statistically robust fit to the data;
that is the purpose of atmospheric retrievals (Madhusudhan, 2018). A more reliable
approach in the present context is to compare the model-predicted chemical abundances
with the abundance constraints obtained from robust atmospheric retrievals of the
observed spectra. As discussed above, the cases of S24 with the highest surface pressure,
i.e. those that may allow a magma surface, still predict lower CO2 abundances than
those retrieved for K2-18 b (Madhusudhan et al., 2023b). The CO and H2O abundances
are not reported in S24, which prevents a clear assessment of the agreement between
the chemical predictions and the retrieved abundances.

3.4 Results: A Case Study of K2-18 b

After having established the consistency of our results with Gaillard et al. (2022), and
having discussed the S24 findings for K2-18 b, we proceed to apply our framework ex
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novo. We do so for K2-18 b in the present section, starting, as outlined in Figure 3.1,
with internal and atmospheric structure modelling that ensures consistency with
the known bulk parameters. Through considering magma-atmosphere interactions,
equilibrium chemistry in the lower atmosphere and non-equilibrium processes in the
upper atmosphere, we make predictions for the observable composition and spectral
signatures of a sub-Neptune gas dwarf.

3.4.1 Atmospheric Structure

As discussed in Section 3.2.1, the dayside atmospheric structure is calculated self-
consistently from the atmospheric constraints retrieved in the one-offset case of Mad-
husudhan et al. (2023b): the median log (XCH4) = −1.74, log (XCO2) = −2.04, and
the 2σ upper bound log (XH2O) = −3.01. The P -T profile depends on a wide range of
parameters, not all of which are observationally well-constrained: these include the
internal temperature Tint, the properties of clouds/hazes if present, and the efficiency
of day-night heat redistribution. A detailed exploration of the temperature profiles
in deep H2-rich sub-Neptune atmospheres has been carried out before, in Piette and
Madhusudhan (2020). Here, we assume uniform day-night heat redistribution, and
consider four cases for the P -T profiles, varying the internal temperature Tint and
the Rayleigh enhancement factor (a) for the hazes: C1, corresponding to Tint = 25
K, a = 10000; C2 and C3, both with a = 1500, with Tint = 25 K and Tint = 50 K,
respectively; C4, with Tint = 50 K and a = 100. We note that, in principle, even colder
profiles are plausible, given the clouds/haze properties retrieved from observations
(Madhusudhan et al., 2023b). All the P -T profiles are shown in Figure 3.6.

3.4.2 Internal Structure

For each of these profiles, we obtain the permitted H2-rich envelope mass fraction
(xenv) and corresponding surface conditions (Ps, Ts) based on the bulk properties of
the planet, as discussed in Sections 3.2.2 and 3.3.3 and shown in Table 3.1. We vary
the interior composition from fsilicate = 5% to fsilicate = 100%, adopting the median
Mp = 8.63 M⊕ (Cloutier et al., 2019) and Rp = 2.61 R⊕ (Benneke et al., 2019). We
note that the pure silicate and 95% iron (fsilicate = 5%) interior cases are unrealistic
end-member interior compositions, but we consider them for completeness. We adopt
P0 = 0.05 bar as the outer boundary condition for the internal structure modelling,
corresponding to the pressure at Rp, based on Madhusudhan et al. (2020).
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Fig. 3.6 Atmospheric pressure-temperature profiles shown against the adopted phase
boundary for the silicate mantle, with the dashed lines corresponding to the Monteux
et al. (2016) liquidus and solidus for peridotite. The black circles indicate the surface
conditions for the cases discussed and the coloured lines extending from these show the
adiabatic temperature structure in the melt, adopting the liquidus as the melt-solid
transition.

In Figure 3.6 we show the P -T profiles considered, along with the surface conditions
(black circles) and adiabatic profiles in the melt for our nominal C2 and C3 scenarios,
which we further discuss below. The results for all P -T profiles are given in Table 3.1.

The presence and amount of magma depend on the adopted P -T profile. We
start by considering one of the colder profiles, C2. For an Earth-like interior, we find
xenv = 3.76%, with surface conditions Ps = 2.00 × 105 bar and Ts = 3084 K. The melt
mass fraction (xmelt) in this case is 1.81%. For a Mercury-like interior, i.e. with higher
Fe content, we find xenv = 5.29%, with surface conditions Ps = 3.79 × 105 bar and
Ts = 3290 K. Based on our assumption of the liquidus as the melt curve, we class this
as having 0% melt in Table 3.1. In reality, these surface conditions lie between the
liquidus and solidus, which would lead to partial melting. This is also the case for the
fsilicate = 5% interior, with xenv = 6.60%, with surface conditions Ps = 6.27 × 105 bar
and Ts = 3461 K. On the other hand, for the extreme case of a pure silicate interior,
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we find a melt mass fraction of 3.16%, for xenv = 2.62%, Ps = 1.12 × 105 bar and
Ts = 2819 K.

We next consider the higher-temperature P -T profile C3, which permits solutions
with a magma ocean surface for all the interior compositions considered. For each
interior composition, the permitted envelope mass fraction, and hence the surface
pressure, is lower for this hotter P -T profile. For an Earth-like interior, we find
xenv = 2.52%, with surface conditions Ps = 1.36 × 105 bar and Ts = 3870 K. The melt
mass fraction in this case is 10.16%. For a Mercury-like interior, we find xenv = 3.83%,
with surface conditions Ps = 2.83 × 105 bar and Ts = 4200 K. The corresponding xmelt

is 5.78%. For the extreme case of a pure silicate interior, we find a lower xenv = 1.62%,
with Ps = 6.97 × 104 bar and Ts = 3512 K. The melt mass fraction in this case is
larger, at 11.91%. For the other extreme of fsilicate = 5%, we obtain xenv = 5.06%, for
Ps = 5.05 × 105 bar and Ts = 4503 K, with xmelt = 2.62%. We note that including
modelling of partial melt would somewhat increase the melt mass fraction in all cases.

As shown in Table 1, the envelope mass fractions and surface conditions we find
for profiles C1 and C4 are very similar to C2 and C3 respectively. This is despite the
differences in envelope temperature structure resulting from differing haze properties;
the difference between C2 and C3 is primarily due to the differing Tint.

3.4.3 Volatile Abundances at the Interface

At the surface-atmosphere interface, the interactions between the gas phase equilibrium
reactions and solubility of the gases in the magma, if any is present, drive the elemental
abundances in the atmosphere. We consider the four P -T profiles presented in Table 3.1
and assume 50×solar metallicity, using solar abundances by Asplund et al. (2021). The
assumed metallicity is approximately based on the median retrieved CH4 abundance
for K2-18 b (Madhusudhan et al., 2023b). Across all considered cases, we find that
the dominant H-C-N-O-S gas species at the surface are H2, H2O, CH4, NH3, and H2S.
The resulting atmospheric elemental abundances from these scenarios are shown in
Table 3.1. As expected, the atmosphere is highly reduced, with oxygen fugacities
varying between IW-8.8 and IW-4.9 (using the oxygen fugacity of the IW buffer by
Hirschmann, 2021) among the 12 cases with magma. We note that although our
calculations of the oxygen fugacities agree to within 0.35 dex with the self-consistent
IVTANTHERMO code at Ps = 104 bar and Ts = 3000 K, as described in Section 3.2.3,
the redox state at higher pressures/temperatures is not well understood. Future work
is needed to better understand the redox state of gas dwarfs at these conditions.
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Fig. 3.7 Atmospheric composition at the melt-atmosphere interface as a function of
oxygen fugacity, at Ts = 4200 K, Ps = 2.83 × 105 bar, Mmelt = 0.0578 Mp, Matm =
0.0383 Mp and 50×solar metallicity – corresponding to the C3 profile with a Mercury-
like interior composition (fsilicate = 30%) in Table 3.1. Top: Atmospheric mixing
ratios of major H-C-O-N-S species. The solid and dashed lines show the abundances
with and without solubility, respectively. Bottom: Atmospheric elemental abundances
normalised to hydrogen. The dotted line corresponds to a case with twice the melt
mass fraction to highlight the potential effect of partial melt. The dashed horizontal
line shows a 50×solar composition. The grey region centred at IW-7 (±0.5), shown in
both figures, corresponds to the approximate oxygen fugacity obtained with a total
oxygen budget of 50×solar.



3.4 Results: A Case Study of K2-18 b 111

Overall, we find that H2O and molecules containing N and S are the most dominant
volatile species in the magma ocean, with high surface pressures strongly favouring
the solubility of N2. As such, for a given interior composition, we find that cooler
P -T profiles, resulting in higher Ps, act to increase the depletion of nitrogen in the
atmosphere - that is, until the temperature is too low to support a molten surface. The
dependence of N depletion on Ps is stronger than that on the melt fraction. Therefore, a
hotter temperature profile does not necessarily result in higher N depletion. In terms of
the internal structure, we find that the interior needs to be more iron-rich than Earth’s
interior to result in nitrogen depletion larger than ∼2 dex. In our calculations the
atmospheric H2O budget is not significantly depleted by the magma ocean, as indicated
in Table 3.1 by the ≲ 0.5 dex change in O/H compared to the solid surface cases. More
significant depletion of atmospheric H2O would result in further preferential formation
of CO over CO2 due to less oxygen being available.

Fig. 3.8 Vertical mixing ratio profiles for several H-C-O-N-S molecular species. Xi

denotes the volume mixing ratio of a species i. Solid and dashed lines indicate profiles
computed with and without disequilibrium effects. Horizontal data points and arrows
denote the mixing ratio constraints and 95% upper limits retrieved by Madhusudhan
et al. (2023b). The gray shaded region denotes the pressure range typically probed by
transmission spectroscopy (e.g. Constantinou and Madhusudhan, 2024). Left: Mixing
ratio profiles corresponding to the C2 P -T profile and 30% interior silicate fraction
case shown in Table 3.1. This corresponds to 50×solar elemental abundances. Right:
Profiles computed for the C3 P -T profile and 30% interior silicate fraction case shown
in Table 3.1. N is depleted due to dissolution in the magma surface.
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Whilst we find that nitrogen can be depleted under certain conditions, in line with
previous works investigating the solubility of nitrogen in reduced interiors (Daviau
and Lee, 2021; Dasgupta et al., 2022; Suer et al., 2023; Shorttle et al., 2024), we do
not reproduce the six orders of magnitude depletion found by S24. Additionally, we
also identify sulfur as a potential atmospheric tracer of a magma ocean; however, the
depletion is less than that of nitrogen. Finally, we find that the solubility of H2, CO,
CO2, and CH4 is less prominent at the considered conditions and does not drive the
abundances of these species far from chemical equilibrium expectations without a
magma ocean. However, we note that, as further detailed in Appendix A.1, many
molecular species lack solubility data at the extreme conditions considered here. Hence,
further work is needed to improve our knowledge of the solubility of prominent volatiles
in silicate melts.

In Figure 3.7, we show the mixing ratios of the major C-H-O-N-S species in the
lower atmosphere and the corresponding elemental abundances for a range of oxygen
fugacities using the C3 profile and a Mercury-like interior (fsilicate = 30%). This
represents the case with the strongest nitrogen depletion, excluding the extreme 5%
silicate interior cases, with atmospheric N/H being ∼2.5 dex lower than the assumed
metallicity of 50×solar. We also see the onset of sulfur depletion in the atmosphere
due to the solubility of S2 at very reducing conditions (∼IW-6 in this case). On the
other hand, the carbon abundance remains unchanged, as mentioned above. We also
highlight the potential effect of partial melt by doubling the melt mass fraction, shown
by the dotted line in Figure 3.7, leading to an approximately linear increase in the
depletion of nitrogen.

3.4.4 Atmospheric Chemistry

We now use the elemental abundances obtained above to determine the atmospheric
composition above the surface, using equilibrium and non-equilibrium calculations.
From across all the models shown in Table 3.1, we focus on two realistic cases, one
with and one without melt. For the molten case, we consider the C3 profile with 30%
silicate fraction, which gives significant N depletion. For the case with no melt we
consider the C2 profile with 30% silicates, which has no N depletion. For each case, we
set the atmospheric elemental budget to that obtained in Section 3.4.3 and reported
in Table 3.1. As expected from the model set-up, the no-melt scenario results in all
elemental abundances being identical to those of a 50×solar metallicity gas.

Across all cases considered, the primary O, C, N, and S reservoirs are H2O, CH4,
NH3 and H2S over most of the atmosphere, as indicated by the dashed lines in Figure 3.8.
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This is seen for a pressure range spanning over 10 orders of magnitude and a temperature
profile ranging between ∼260-2700 K.

The mixing ratio profiles obtained for the no-melt case are shown on the left-hand-
side of Figure 3.8. In both the equilibrium and disequilibrium cases, the abundance of
H2O in the upper atmosphere is significantly depleted by a cold trap below the ∼1 bar
pressure level. While CO and CO2 are absent from the photosphere in the equilibrium
case, they are present in the disequilibrium case, arising from photochemical processes.
However, their abundance is significantly hindered by the limited availability of O,
with the main carrier H2O being depleted by the cold trap. The abundance of CO2 is
lower than that of CO throughout the atmosphere.

Compared to the retrieved atmospheric composition of K2-18 b (Madhusudhan et al.,
2023b), shown as errorbars and arrows in Figure 3.8, the computed CH4 abundance
is consistent with the retrieved constraint. However, there is a substantial difference
of ∼8 dex between the computed abundance of CO2 with the measured value across
the observable pressure range. Additionally, the retrieved upper limits for H2O and
CO are consistent with the computed amounts. Lastly, the computed value of NH3 is
higher than, and therefore inconsistent with the retrieved upper limit.

The right-hand-side of Figure 3.8 shows the case with a molten surface. This
configuration results in very similar abundances for O- and C-carrying molecules as
the no-melt case. This includes the significant depletion of H2O due to a cold trap, the
limited production of CO and CO2, and CO being more abundant than CO2. The main
difference from the no-melt case is the notable depletion of NH3, due to N dissolving
in the magma. Specifically NH3 and N2 are at much lower mixing ratios than in the
no-melt case, by ∼2 dex. Compared to constraints from observations, CH4, H2O, CO
and in this case NH3 as well are consistent with the retrieved constraints and upper
limits. However, the resulting CO2 abundance is still substantially lower than the
observed abundance.

In summary, we find that even for the case with significant melt, corresponding to
our hotter P -T profile with a high Tint, the NH3 abundance is close to the observed
95% upper limit, while the CO2 abundance is still significantly discrepant from the
observed value and lower than CO. Therefore, we find that the retrieved atmospheric
composition of K2-18 b (Madhusudhan et al., 2023b) is inconsistent with a magma
ocean scenario, or more generally with a deep H2-rich atmosphere with or without
melt. In principle, the absence of a cold trap could lead to higher H2O abundance in
the troposphere, which in turn could lead to higher CO2 abundance. However, such
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a scenario would also give rise to a significant amount of H2O and CO, which are
presently not detected.

3.4.5 Sensitivity to Atmospheric Parameters

We also explore other values for the three key atmospheric parameters that may
influence the observable composition: the metallicity, the eddy diffusion coefficient Kzz,
and the internal temperature Tint. We consider the two cases shown in Figure 3.8 as
the canonical cases corresponding to the two P -T profiles (C2 and C3). Both cases
assume a median metallicity of 50×solar and Kzz of 106 cm2s−1 in the deep atmosphere.
It may be argued that a higher metallicity could result in higher CO2 abundances
than the canonical cases and better match the observed abundances. Similarly, a
broader range of Kzz may also influence the abundances. Therefore, for each of the
two canonical cases, we investigate models with different values for the metallicity
and Kzz. We consider metallicities of 100×solar and 300×solar, representing cases
with significantly higher metallicities beyond the median retrieved value of ∼50×solar.
For Kzz, we explore two end-member scenarios of 104 cm2s−1 and 108 cm2s−1. Based
on Madhusudhan et al. (2020) and Valencia et al. (2013), for our canonical cases we
considered values of 25 K and 50 K for Tint. We additionally consider the effect of
using a P -T profile with a higher Tint of 60 K, as has been considered by Hu (2021).
As found for our canonical cases, we find that the observed CO and CO2 abundances
remain unexplained by these models with different values of metallicity, Kzz and Tint.
These results are discussed in full in Appendix A.2.

3.4.6 Spectral Characteristics

We use the atmospheric compositions computed in Section 3.4.4 to examine the
spectral signatures of CH4, NH3, CO and CO2, which have been previously identified
as key diagnostics of the presence of a magma surface. Using the VIRA retrieval
framework’s (Constantinou and Madhusudhan, 2024) capability of considering non-
uniform vertical mixing ratios, we directly use the atmospheric composition profiles
computed using the VULCAN (Tsai et al., 2021) non-equilibrium code described above
and shown in Figure 3.8. We specifically consider the melt case discussed above, to
evaluate the spectral implications for the presence of a magma layer. For all cases, we
consider parametric grey cloud and Rayleigh-like haze properties corresponding to the
median retrieved constraints of Madhusudhan et al. (2023b), to facilitate a qualitative
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Fig. 3.9 Top: Spectral contributions arising from CH4, NH3, CO and CO2 in the
transmission spectrum of K2-18 b. The atmospheric abundance of each molecule
corresponds to the right-hand side plot of Figure 3.8, generated with the C3 P -T profile,
and includes disequilibrium effects. The dashed grey line corresponds to the spectral
contribution of NH3 if it were not depleted by dissolution in the magma. Bottom: The
resulting transmission spectrum from all four species’ spectral contributions. Blue and
orange errorbars are the JWST NIRISS and NIRSpec G395H observations of K2-18 b
from Madhusudhan et al. (2023b), which include the reported -41 ppm retrieved offset.
It can be seen that the magma ocean scenario does not result in sufficient CO2 to
explain the observations at ∼4.3 µm. We emphasise that the present comparison to
the data is solely for illustration. A robust comparison necessitates considering the
constraints obtained from a detailed retrieval analysis, as done in Figure 3.8.
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comparison with the observations. Specifically, we set log(a) = 107.31, γ = −11.67,
Pc = 10−0.55 and ϕc = 0.63.

The resulting spectral contributions and transmission spectrum are shown in
Figure 3.9. As can be seen in the top panel, CH4 has prominent spectral features
throughout the 1-5 µm wavelength range, while CO2 and CO give rise to absorption
features at ∼4.3 and ∼4.7 µm respectively. NH3 shows a spectral feature at ∼3 µm.
Due to the depletion of atmospheric nitrogen arising from its dissolution in the magma,
the NH3 spectral contribution is relatively weak and not detected in the present data.
Without such a depletion, i.e. with nitrogen at a solar elemental abundance ratio, NH3

would have prominent spectral features across the wavelength range of comparable
strength to CH4. While CO is more abundant than CO2 in the observable atmosphere,
as described in Section 3.4.4, the low absolute abundances of both molecules give rise
to comparably weak spectral features.

The resulting transmission spectrum provides a reasonable match for the NIRISS
observations of K2-18 b at shorter wavelengths due to the strong CH4 features. However,
the spectrum does not fit the prominent CO2 absorption feature seen in the NIRSpec
G395H data. Moreover, the spectral contribution of CO is also minimal. Together, the
two molecules are present at abundances that do not provide a good fit to the data in
the 4-5 µm range.

Overall, we find that the gas dwarf scenario with a thick H2-rich atmosphere in
equilibrium with a magma ocean at depth is not consistent with the existing JWST
observations of K2-18 b. In particular, irrespective of the NH3 depletion, the models
predict a low CO2 abundance and CO > CO2 which are inconsistent with the retrieved
abundances. Future studies need to investigate if other effects may contribute to the
observed composition. For example, similar to that discussed in Madhusudhan et al.
(2023b), in order for the detected abundance of CO2 to be compatible with a deep
H2-rich atmosphere, an unphysically low C/O ratio of ∼ 0.02–0.06, together with a
moderate C/H ratio (∼30-50× solar) and vertical quenching may be required. However,
such an atmosphere could also lead to significant CO abundances that may not be
consistent with the observations, and the deep atmosphere would have more H2O than
H2.

3.5 Summary and Discussion

In this study, we report an integrated framework to investigate the plausibility of gas
dwarf scenarios for temperate sub-Neptunes, including the possibility of magma oceans,
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and their potential atmospheric signatures. Our framework models the various compo-
nents of a planet, and their interplay. Specifically, it includes atmospheric and internal
structure modelling, magma-atmosphere chemical interactions, and equilibrium as well
as disequilibrium (photochemistry and vertical mixing) processes in the atmosphere.
Considering all these factors, it predicts the observable abundances of molecular species
in the atmosphere and the expected spectral features.

We apply our framework to perform a comparative assessment of previous works,
validating our modelling of magma-atmosphere interactions against Gaillard et al.
(2022) and assessing the model predictions of Shorttle et al. (2024) for a temperate
sub-Neptune. Our findings highlight the importance of considering physically plausible
models, set up in a holistic framework. In particular, we note that the use of stand-alone
magma-atmosphere interaction models, which do not consider the complex interplay of
interior and atmospheric factors, can lead to erroneous results.

3.5.1 Summary

Magma oceans are normally expected for rocky planets with high equilibrium temper-
atures. In the present work, we have tested the limits of this scenario by exploring
whether K2-18 b, a habitable-zone sub-Neptune, can host a magma ocean, as previously
suggested by S24, and what the observable signatures could be. In the following, we
summarise our key findings.

An integrated framework is essential to obtain physically plausible and self-consistent
results for modelling sub-Neptune gas dwarfs. Our framework includes an atmosphere
and interior structure model, including phase diagrams and equations of state of appro-
priate silicates; thermochemical equilibrium calculations for the silicates-atmosphere
interface and lower atmosphere; and disequilibrium processes throughout the atmo-
sphere.

The melt fraction admissible in a gas dwarf depends on the atmospheric and interior
properties, specifically the interior composition and the atmospheric P -T profile. The
P -T profile, in turn, depends strongly on the internal temperature Tint, as well as on
the presence and properties of clouds/hazes and on the molecular absorbers present in
the atmosphere. For a gas dwarf scenario assuming the bulk parameters of K2-18 b, we
find that maximal melt mass fractions of ∼10% are possible with an Earth-like interior
composition, and may increase somewhat if partial melting is considered.

A planet’s bulk parameters and temperature structure place both upper and lower
limits on the envelope mass fraction, assuming a gas dwarf scenario. For the K2-18 b
models considered in this work, these limits are ∼1% and 7% of the planet mass,
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corresponding to a pure silicate and a 95% iron interior, respectively. The envelope
mass fraction affects the surface pressure at the rock-atmosphere boundary, which, in
turn, affects the potential melt conditions.

We find using our framework that the current chemical constraints for K2-18 b are
inconsistent with a magma ocean scenario or any gas dwarf scenario, contrary to S24.
Firstly, the high observed abundance of CO2 along with low H2O is inconsistent with
the chemical expectations for the gas dwarf scenario. Secondly, we find CO to be higher
than CO2 by over 1 dex which is also inconsistent with the observations. We find
this to be the case with or without a magma ocean, and relatively independent of the
uncertainties in magma-atmosphere interactions at the extremely reduced conditions
as described in Appendix A.1. Finally, we find that N depletion in the atmosphere
depends on a wide range of atmospheric and interior parameters, and can range between
no depletion and ∼2.5 dex for a realistic model space, given the available solubility
data.

Overall, we find that key atmospheric signatures for identifying a gas dwarf include
the CO and CO2 abundances, and, if melt is present, possible nitrogen depletion,
consistent with some previous studies (see Section 3.3). In particular, we expect that
CO/CO2 > 1 if no H2O is observed (as a result of, e.g., condensation), or, in the
presence of H2O, CO/CO2 ≲ 1, due to photolysis of H2O making more oxygen available
for the formation of CO2. Furthermore, we find that N depletion is more sensitive to
the surface pressure than to the amount of melt present, provided this is non-zero.
Thus, the presence of a magma ocean does not ensure a significant N depletion in the
atmosphere.

Our models predict significant H2S for a deep H2-rich atmosphere scenario. Hence,
a lack of H2S may be indicative of a shallow atmosphere. However, we note that there
are significant uncertainties in the behaviour of S-bearing species in silicate melts at
such reducing conditions. Therefore, more robust data for these conditions is needed
in order for this signature to be used with a higher degree of confidence. We also
note that there is uncertainty in the sulfur photochemical network for such planetary
conditions.

As discussed below, a number of important unknowns remain. In particular, as
discussed in Appendix A.1, the solubility of NH3 in magma remains poorly understood,
especially at extremely reducing conditions, as is also the case for H2S at high pressures
and temperatures.
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3.5.2 Future Work

In order to aid accurate modelling of potential gas dwarf magma ocean planets, further
developments are needed in three areas: (1) solubility laws for volatiles at extremely
high pressures and temperatures and very reducing conditions, (2) equations of state
(EOS) of silicates at the conditions relevant to temperate sub-Neptunes, and (3)
complete reactions lists for all relevant atmospheric species.

As discussed further in Appendix A.1, there is a pressing need for additional
experimental data and/or ab initio simulations on the solubility of volatile species in
silicate melt at the physical and chemical conditions that we have shown in this study
to be relevant to the magma-atmosphere interface on sub-Neptunes. This includes
high pressure and temperature, and low oxygen fugacity conditions. In particular,
the availability of NH3 solubility laws at these conditions would allow more precise
prescriptions than assuming its solubility to be negligible, avoiding the resulting likely
overestimation of the abundance of N-bearing species in the atmosphere. In general,
present laws are expected to give an order-of-magnitude estimate of the solubility at
the conditions explored in this study; future work is needed to improve the solubility
data.

Furthermore, once more accurate and precise solubility laws become available, the
non-ideality of gas behaviour at the high pressures relevant at the interface may become
a notable source of error if ignored, and will thus need to be appropriately treated
(Kite et al., 2019; Schlichting and Young, 2022). We also note that, as a result of the
lack of knowledge on the solubility of volatiles in the melt, the phase of the melt itself
is not well-constrained. In particular, it is possible that some of the models considered
here fall in a regime where there is no surface, and the atmosphere and magma become
a single continuous phase at some lower pressure. This would happen if the volatiles
were completely miscible in the melt, as is the case for water above a few GPa (Ni
et al., 2017). It is however not known whether this behaviour applies to H2-dominated
atmospheres such as the one considered here. Furthermore, even if complete miscibility
is not achieved, it is possible that the presence of volatiles in the magma may lead to
a change in its EOS, which has not been accounted for here, where we have instead
assumed a volatile-free melt for the internal structure calculations.

There is also scope for future work on the internal structure modelling, including
the melt. This includes implementing the partial melting that would occur due to
the magma’s heterogeneous nature between the solidus and liquidus, as shown in
Figures 3.4 and 3.6. This is expected to result in a larger fraction of the mantle being
at least partially melted than when considering the fully melted region alone, hence
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further depleting the atmosphere of the most soluble species. This effect is, however,
in part addressed in this work, by considering the impact of a doubled melt mass
fraction, as shown in Figure 3.7. Furthermore, future work will include more detailed
prescriptions for the mantle, including alternate mineral compositions, and a fully
temperature-dependent EOS for the solid portion.

Overall, JWST provides a promising avenue for atmospheric characterisation of
sub-Neptune exoplanets. The high quality of the observations means that concomitant
advances need to be made in theoretical models to maximise the scientific return from
the data. In this chapter, we have outlined an end-to-end framework for gas dwarf
sub-Neptunes to enable an evaluation of this scenario given high precision JWST data,
and highlight the need for more accurate inputs for these models. Such advancements
in both observations and theory promise a new era in the characterisation of low-mass
exoplanets with JWST.



Chapter 4

The Interior and Surface Conditions
of the Temperate Sub-Neptune
TOI-270 d

4.1 Introduction

A central challenge in exoplanet characterisation is the degeneracy of interior composi-
tions permitted by a planet’s bulk properties, a problem that is particularly evident
within the sub-Neptune regime. Characterising sub-Neptunes is important for revealing
the nature and diversity of planets in this regime which can be related to their formation
and evolution, including the shaping of the radius valley, in addition to their potential
habitability. Sub-Neptunes orbiting nearby M dwarfs have gained significant attention
in the field, as they are both abundant and conducive to atmospheric characterisation
with JWST, with observations having been made for multiple such targets (e.g. Mad-
husudhan et al., 2023b; Kempton et al., 2023; Cadieux et al., 2024b; Holmberg and
Madhusudhan, 2024; Benneke et al., 2024; Wallack et al., 2024; Madhusudhan et al.,
2025). As demonstrated in Chapter 3, the availability of atmospheric data can begin
to rule out possible interior compositions through coupling atmosphere and interior
models (e.g. Madhusudhan et al., 2020; Guzmán-Mesa et al., 2022; Rigby et al., 2024;
Nixon et al., 2024). However, the relationships between the interiors, surfaces and
atmospheres of these planets are complex, and remain an active area of study for both
water-rich bodies (e.g. Yu et al., 2021; Hu et al., 2021; Tsai et al., 2021; Madhusudhan
et al., 2023a) and water-poor bodies (e.g. Kite et al., 2019, 2020; Rigby et al., 2024;
Young et al., 2024).



122 The Interior and Surface Conditions of the Temperate Sub-Neptune TOI-270 d

In the previous chapters of this thesis we have explored two possible interior
scenarios for temperate sub-Neptunes: hycean worlds in Chapter 2 and gas dwarfs in
Chapter 3. In this chapter1, we use the techniques developed in the preceding chapters
to explore the possible internal structures of a temperate sub-Neptune recently observed
with JWST, TOI-270 d, based on its atmospheric constraints and bulk properties.

TOI-270 d (L231-32 d) is a temperate sub-Neptune orbiting an M3 host star
(Günther et al., 2019; Van Eylen et al., 2021; Kaye et al., 2022), with planetary mass
Mp = 4.78 ± 0.43 M⊕ (Van Eylen et al., 2021) or 4.20 ± 0.16 M⊕ (Kaye et al., 2022)
and radius Rp = 2.133 ± 0.058 R⊕ (Van Eylen et al., 2021), as given in Table 4.1.
Orbiting at ∼0.07 au (Van Eylen et al., 2021), TOI-270 d lies just closer to its host star
than the inner edge of the classical habitable zone (HZ), with equilibrium temperature
387 K (326 K) for Bond albedo AB = 0 (AB = 0.5). The bulk density of TOI-270 d is
consistent with the presence of an H2-rich atmosphere, evidence of which was reported
by Mikal-Evans et al. (2023), using transmission spectroscopy with the Hubble Space
Telescope Wide Field Camera 3 (HST WFC3). Based on its bulk properties and
equilibrium temperature, Madhusudhan et al. (2021) proposed TOI-270 d as a hycean
candidate, a class of potentially habitable planet with H2O oceans underlying H2-rich
atmospheres, for which the HZ is considerably wider than the classical HZ.

Recently, TOI-270 d was observed with JWST (Holmberg and Madhusudhan,
2024; Benneke et al., 2024). Two studies, Holmberg and Madhusudhan (2024) and
Benneke et al. (2024), used NIRSpec G395H observations in addition to shorter
wavelength coverage with HST and JWST NIRISS respectively, to place constraints on
the photospheric composition at the terminator via atmospheric retrievals. Holmberg
and Madhusudhan (2024) report strong evidence for CH4 and CO2, with mixing ratios
∼0.1 − 1%, and a non-detection of NH3. This is similar to the reported pattern of
detections for the cooler hycean candidate K2-18 b (Madhusudhan et al., 2023b).
Holmberg and Madhusudhan (2024) also report moderate evidence for CS2, and
tentative evidence for H2O. They suggest that TOI-270 d could be a dark hycean world,
with only a habitable nightside, due to its relatively high temperature for a hycean
candidate. The presence of clouds or hazes in the photosphere could not be constrained
by the observations, similar to the findings of Mikal-Evans et al. (2023). Benneke
et al. (2024) also find a lack of NH3 in addition to strong CH4 and CO2 detections,
albeit at higher abundances than Holmberg and Madhusudhan (2024). They also
report a tentative H2O detection, in addition to potential evidence for SO2 and CS2.

1This chapter is adapted from a lead-author paper (Rigby & Madhusudhan) submitted to MNRAS.
Nikku Madhusudhan conducted the atmospheric structure modelling for this study.
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In contrast to Holmberg and Madhusudhan (2024) and Mikal-Evans et al. (2023), their
analysis suggests that the atmosphere is metal-rich, with a mean molecular weight
(MMW) of 5.47+1.25

−1.14 amu. The retrieved photospheric temperatures for the terminator
differ between Holmberg and Madhusudhan (2024) and Benneke et al. (2024). For
the Holmberg and Madhusudhan (2024) one-offset dual-transit (DT) case, the T0 is
289+80

−75 K at 10 mbar, while Benneke et al. (2024) find a hotter T0 of 385.3+44.2
−41.8 K for

their free-chemistry retrieval at the lower pressure of 0.1–1 mbar.
The NIRSpec and NIRISS data were recently re-analysed by Felix et al. (2025). In

addition to a fiducial model with the same set of chemical species as Benneke et al.
(2024), they consider models including an expanded set of molecules, including CH3F,
CH3Cl, and/or sulfur chemistry with H2CS, CS, and (CH3)2S (dimethyl sulfide, DMS),
all of which were found to be preferred over their fiducial model, but could not be
distinguished. They also report detections of CH4 and CO2, while the inclusion of H2O
is not preferred by the retrieval. Similarly to Benneke et al. (2024), they find a high
mean molecular weight atmosphere. The chemical species with retrieved abundances
most significantly different between all three studies is CH4, with Benneke et al. (2024)
finding a high mixing ratio of log(XCH4) = −1.64+0.38

−0.36. Holmberg and Madhusudhan
(2024) find a significantly lower abundance, at log(XCH4) = −2.72+0.41

−0.50 for the one-offset
DT case. Two of the seven retrieval cases of Felix et al. (2025) give a CH4 abundance
consistent with Benneke et al. (2024) to within 1σ, while six of the seven cases have
CH4 abundance consistent with Holmberg and Madhusudhan (2024) – the exception is
the fiducial model, which is disfavoured.

Recently, Glein et al. (2025) conducted thermochemical equilibrium calculations to
investigate the quenching of C-H-O-N species in the atmosphere of TOI-270 d. This
study adopted the atmospheric abundances of Benneke et al. (2024). The methods
outlined in this work for the CO2-CH4 speciation are reported to be applicable only
for a lack of water clouds. They suggest that a lack of detected CO can be explained
by equilibrium chemistry of hot gas, negating the need to invoke a hycean scenario
for TOI-270 d. This would be potentially the case for an H2O-rich and CO2-poor
atmosphere. This argument hinges on the high mean molecular weight (MMW) found
by Benneke et al. (2024), and subsequently Felix et al. (2025).

The interpretation of precise chemical abundances in sub-Neptune atmospheres
from JWST requires further studies into the complex relationship between sub-Neptune
atmospheres, surfaces and interiors. This is evident from the case of habitable zone
sub-Neptune K2-18 b, which was recently observed with JWST (Madhusudhan et al.,
2023b). The abundance of CH4 and CO2 in addition to the non-detection of NH3
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Source Mp/M⊕ Rp/R⊕ Teq,0 Teq,0.5 a/AU Period
/K /K /days

Günther et al. (2019) 2.13±0.12 372 313 0.073 11.4
Van Eylen et al. (2021) 4.78±0.43 2.133±0.058 387 326 0.072 11.4

Kaye et al. (2022) 4.20±0.16
Mikal-Evans et al. (2023) 2.19 ± 0.07
Table 4.1 Reported properties of TOI-270 d. Equilibrium temperature values are
calculated with AB = 0 and AB = 0.5, and assuming uniform day-night redistribution.

was suggested to indicate the presence of a surface ocean (i.e. hycean conditions) on
K2-18 b (Madhusudhan et al., 2023b), based on chemical models (Yu et al., 2021; Hu
et al., 2021; Tsai et al., 2021; Madhusudhan et al., 2023a). The other interior solutions
permitted by the bulk properties were shown to span a rocky world with thick H2-rich
envelope and a mini-Neptune scenario (Madhusudhan et al., 2020), as is the case for
similar density sub-Neptunes like TOI-270 d.

Additional photochemical modelling by Cooke and Madhusudhan (2024) found that
a mini-Neptune scenario is incompatible with the retrieved atmospheric abundances
for K2-18 b, in contrast to previous studies (Wogan et al., 2024). An uninhabited
hycean scenario was found to explain the abundance constraints with the exception
of CH4 (Cooke and Madhusudhan, 2024). The equivalent inhabited hycean case was
found to better match observations, with CH4 produced by methanogenic life satisfying
the high observed CH4 abundance. Recent work explored the possibility of a gas
dwarf scenario for K2-18 b. In Chapter 3, we reported a framework including internal
structure modelling, atmospheric structure modelling, melt-atmosphere interactions,
photochemical modelling and spectral predictions. We found that the CO/CO2 ratio
for K2-18 b and the lack of nitrogen are incompatible with predictions for a gas
dwarf scenario. However, the relationship between planetary surfaces and observable
atmospheres requires the use of models that rely on incomplete data (e.g. Shorttle
et al., 2024; Glein et al., 2025) – for instance, for the solubility of chemical species in a
magma ocean at the relevant high pressures and temperatures, and the uncertain phase
behaviour of planetary materials. Atmospheric data remains a key factor in breaking
degeneracies between possible interior compositions. However, we have not yet reached
a position where robust constraints can be made on the nature of a sub-Neptune’s
surface via atmospheric observations.

In this chapter we present an exploration of the range of possible interior com-
positions and surface conditions for the temperate sub-Neptune TOI-270 d based on
the available atmospheric constraints from JWST observations. We use atmospheric
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pressure-temperature profiles generated through self-consistent atmospheric modelling,
based on retrieved atmospheric abundances (Holmberg and Madhusudhan, 2024) to
place constraints on the possible interior compositions that satisfy the bulk properties
of the planet. These span a wide range of possible water mass fractions and surface
conditions, including gas dwarf, mini-Neptune and hycean world scenarios. We ex-
plore the solutions that permit liquid water at the planet surface, including habitable
hycean conditions, and place constraints on the possible ocean depths. We perform
initial modelling of dark hycean scenarios for TOI-270 d, where inefficient day-night
redistribution could lead to a habitable nightside for a dayside that is too hot for
habitable conditions. We also investigate mini-Neptune scenarios, including mixed
H2O/H2 envelopes, both with and without a cold trap, the presence of which could
result in an H2-rich layer above the mixed portion of the envelope. We explore gas
dwarf scenarios, placing constraints on the permitted H2-rich envelope mass fractions
and surface conditions at the envelope/rock interface. Finally, we discuss the future
prospects for the characterisation of TOI-270 d via atmospheric observations coupled
to atmosphere and interior models, and the avenues for future research required to
robustly identify the nature of this and similar planets.

4.2 Methods

We first outline our procedure for calculating the possible interior compositions and
surface conditions of TOI-270 d. We use the planetary bulk properties and self-
consistently generated atmospheric pressure-temperature (P -T ) profiles informed by
JWST observations (Holmberg and Madhusudhan, 2024) to place constraints on the
interior composition of the planet. In this section we describe how the internal structure
model HyRIS, outlined in full in Chapter 2, is used for this purpose.

4.2.1 Internal Structure Model

In Chapter 2 we used HyRIS configured with four differentiated planetary layers:
H2-rich envelope, H2O layer, silicate (MgSiO3 perovskite) mantle and iron (Fe) core,
similar to previous studies of sub-Neptune interiors (e.g. Rogers and Seager, 2010a;
Nixon and Madhusudhan, 2021). While, in Chapter 3 we used differentiated layers
of H2-rich envelope, silicate mantle and iron core, with a more complex treatment of
silicates to allow the modelling of a magma ocean. In this chapter, we additionally
consider mixed envelopes containing H2O in addition to H2 and He.
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In Section 4.3.2, the internal structure model is evaluated for a grid of models
across the full phase space of mass fraction combinations, for different assumptions of
core composition and atmospheric P -T profile. (We use “core” to refer to the silicate
and iron layers collectively, such that xcore = xsilicate + xFe.) The inputted Mp is also
varied within its 1σ uncertainty. We then extract the interior solutions that satisfy the
measured Rp to within the 1σ uncertainty, defined via an ellipse centred on Mp and Rp.
In addition to Rp, the model outputs the internal structure and phase structure. This
facilitates analysis of the surface conditions and values including the ocean or magma
ocean depth where relevant, as described in Chapter 2 (Rigby and Madhusudhan, 2024)
and Chapter 3 (Rigby et al., 2024).

4.2.2 Temperature Profiles

Under the assumption of vigorous convection, we assume an adiabatic temperature
profile in the interior below the envelope, as in previous chapters. The adiabatic profiles
are described by the adiabatic temperature gradient (Equation 1.8).

For the H2-rich envelope, we use pressure-temperature (P -T ) profiles generated
via self-consistent atmospheric modelling. This modelling is informed by the retrieved
atmospheric parameters for TOI-270 d from JWST data (Holmberg and Madhusudhan,
2024). We use the GENESIS framework (Gandhi and Madhusudhan, 2017; Madhusud-
han et al., 2020; Piette and Madhusudhan, 2020; Madhusudhan et al., 2021, 2023a),
which assumes a plane parallel atmosphere and conducts line-by-line radiative transfer
via the Feautrier method, and solves for radiative-convective equilibrium via the Rybicki
linearization scheme – see the references above for a more detailed description of the
method. For the chemical composition we assume values according to the median
retrieved values from Holmberg and Madhusudhan (2024); we adopt log (XH2O) = −2.0,
log (XCH4) = −2.5 and log (XCO2) = −2.5. The other key inputs are the internal tem-
perature Tint, the properties of the host star, the incident irradiation, day-night energy
redistribution, and cloud/haze properties. We consider values of 25 K and 50 K for Tint,
similar to previous studies (Madhusudhan et al., 2020), and values for the Rayleigh
enhancement factor a for hazes of 100 and 1500. The Rayleigh enhancement factor
allows a parameterisation of hazes as H2 Rayleigh scattering multiplied by some factor
a. These values of a were chosen to explore a wide range of atmospheric temperature
structures which could be permitted by current observations, and are similar to those
used in previous studies (e.g. Piette and Madhusudhan, 2020; Madhusudhan et al., 2021;
Rigby et al., 2024). The resulting P -T profiles are generated to 1000 bar pressures.
We extrapolate to higher pressures using an adiabat, calculated using the parameters
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from Chabrier et al. (2019) for solar proportion H/He. The resulting profiles are shown
in Figure 4.1. Case 1, the coldest profile, has a = 1500 and Tint = 25 K; Case 2 has
a = 1500 and Tint = 50 K; Case 3 has a = 100 and Tint = 25 K; and Case 4 has a = 100
and Tint = 50 K. For all cases, excluding the mini-Neptune scenarios considered in
Section 4.3.4, the density of the envelope is calculated assuming 10% H2O by mass,
informed by the observed H2O mixing ratio.
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Fig. 4.1 Temperature structures adopted for the H2-rich envelope, generated with
GENESIS using the retrieved abundances of Holmberg and Madhusudhan (2024).
These cases correspond to each combination of Tint of 25 and 50 K, and Rayleigh
enhancement factor a of 100 and 1500. The profiles, generated to 1000 bar, are
extended using an adiabat. We also show the “evening” P -T profile from Figure 10 of
Benneke et al. (2024).

4.2.3 Equations of State

As in the previous chapters, we use the EOS of Chabrier et al. (2019) to describe
the H2/He portion of the envelope. In this work, as described above, we consider the
atmospheric abundances of Holmberg and Madhusudhan (2024) and hence include 10%
H2O by mass in the envelope. Our EOS for H2O is detailed in Section 2.2.2.
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The EOS for a mixed envelope is calculated by combining the densities proportionally
to the respective mass fractions (zi) for each component,

ρmix(P, T ) =
[∑ zi

ρi(P, T )

]−1

(4.1)

and the adiabatic gradient is calculated via

(
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(4.2)

where S is the specific entropy. As for the density, we use the entropy and entropy
derivatives with respect to pressure and temperature from Chabrier et al. (2019).

For H2O miscible in H2, we require the entropy and its derivatives with respect
to pressure and temperature to calculate the adiabatic gradient for the mixture
(Equation 4.2). The specific entropy (only required for the vapour and supercritical
phases) is calculated using the IAPWS-1995 formulation (Wagner and Pruß, 2002).

In order to explore gas dwarf scenarios for TOI-270 d we consider the treatment of
the silicate mantle from Chapter 3. In water-rich cases (i.e. containing sufficient water
to be present as ices), we use the Seager et al. (2007) EOS for MgSiO3 perovskite only,
as in Chapter 2. This is because the silicate mantle below a high-pressure ice layer
would typically exist at pressures > 1.07 × 1011 Pa, beyond pressures covered by the
Lee et al. (2004) EOS for solid peridotite. For all interior scenarios we use the Seager
et al. (2007) EOS for iron (Vinet et al., 1989; Anderson et al., 2001), as in previous
chapters.

4.3 Results

In this section, we present our results for the possible interior compositions of TOI-
270 d based on the planetary bulk properties and constraints from recent transmission
spectroscopy with JWST (Holmberg and Madhusudhan, 2024). As described in Section
4.2.2, we adopt self-consistent temperature profiles in the envelope, generated using
the atmospheric abundances from Holmberg and Madhusudhan (2024). We investigate
the range of interior conditions possible for TOI-270 d with solutions spanning mini-
Neptunes, rocky gas dwarfs with thick H2-rich envelopes, and hycean worlds. In
Section 4.3.1, we first describe the observational constraints. In the subsequent sections,
we then explore each class of possible interior for TOI-270 d.
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4.3.1 Observational Constraints

In Figure 4.2 we show the reported mass (Mp) and radius (Rp) measurements for
TOI-270 d alongside some standard mass-radius (M-R) relations (Seager et al., 2007),
which include homogeneous compositions of H2O, silicates and iron, in addition to an
Earth-like rocky composition (all isothermal at 300 K). The hycean M-R plane from
Madhusudhan et al. (2021) is also shown. TOI-270 d lies towards the lower density
region of the hycean M-R plane and within the dark hycean region, depending on the
Mp and Rp values adopted. In this study we consider those of Van Eylen et al. (2021)
for consistency with Holmberg and Madhusudhan (2024).

Fig. 4.2 The mass and radius measurements for TOI-270 d, where VE21 is Van Eylen
et al. (2021), ME22 is Mikal-Evans et al. (2023) and K22 is Kaye et al. (2022). These
are shown against some mass-radius curves for different isothermal compositions, shown
by the dashed lines, along with the hycean mass-radius plane from Madhusudhan et al.
(2021).

Using the JWST NIRSpec G395H transmission spectrum in addition to HST data
(Mikal-Evans et al., 2023), Holmberg and Madhusudhan (2024) report strong evidence
for CH4 and CO2 and a non-detection of NH3, in addition to tentative evidence for
H2O and CS2. For the Holmberg and Madhusudhan (2024) one-offset dual-transit (DT)
case, the retrieved T0 is 289+80

−75 K at 10 mbar. This study, along with Mikal-Evans et al.
(2023), reports a low MMW H2-dominated atmosphere. In contrast, Benneke et al.
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(2024) and Felix et al. (2025) report a high MMW atmosphere, but with Felix et al.
(2025) finding a CH4 abundance broadly consistent with Holmberg and Madhusudhan
(2024). In this study, we consider the atmospheric abundances of the published work,
Holmberg and Madhusudhan (2024). Additional JWST observations of TOI-270 d may
provide the tools to confirm the cause of the discrepancy between these studies, and
place more robust constraints on the photospheric abundances for TOI-270 d. We note
that the set-up of atmospheric retrievals remains crucial to accurately constrain the
atmospheric abundances and photospheric temperature.

In Sections 4.3.2-4.3.5 we consider the P -T profiles Cases 1-4, based on the findings
of Holmberg and Madhusudhan (2024), to explore the range of possible interior scenarios
for TOI-270 d. In Figure 4.1 we show these P -T profiles, generated self-consistently with
GENESIS, as described in Section 4.2.2, using the retrieved abundances of Holmberg
and Madhusudhan (2024). Cases 1 through 4 correspond to values of Tint = 25 K,
a = 1500; Tint = 50 K, a = 100; Tint = 25 K, a = 100; Tint = 50 K, a = 100 respectively,
as described in Section 4.2.2. We also show a P -T profile from Benneke et al. (2024),
generated via a dual-grey GCM. Specifically, we show the “evening” profile from their
Figure 10, however the profiles in this figure are very similar and do not differ much at
pressures above ∼1 mbar. This profile is only given to 10 bar.

The envelope P -T profiles Cases 1-4 can be used to estimate the potential surface
conditions possible, which are particularly informative for H2O-rich compositions. Our
P -T profiles are shown against the phase diagram for H2O in Figure 4.3. Cases 1 & 2
cross the vaporisation curve and therefore have the potential to permit liquid water
at the surface, if the corresponding composition producing these surface conditions
is compatible with the bulk density. We show that such solutions are possible in
Section 4.3.3.

On the other hand, Cases 3 & 4 lack the presence of a cold trap, and do not cross
the vaporisation curve. This implies that the H2/H2O boundary (HHB) must fall either
in the vapour or supercritical region of the H2O phase diagram. According to studies
investigating the miscibility of H2O and H2, (e.g. Soubiran and Militzer, 2015; Gupta
et al., 2025), this could result in the H2O being fully mixed with the H2-rich envelope
(Nixon and Madhusudhan, 2021; Benneke et al., 2024). For reference, in Figure 4.3
we show the critical curve from Gupta et al. (2025), representing the transition from
two separate phases of H2 and H2O to one phase. A mixed envelope would not be
compatible with the median observed mixing ratios for H2O, including for the canonical
DT case (Holmberg and Madhusudhan, 2024). We note that with further observation,
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a higher observed H2O mixing ratio, for instance towards the upper limit of the error
bar on current estimates, may permit a fully mixed H2O/H2 envelope.

4.3.2 Degeneracy in Interior Composition
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Fig. 4.3 Atmospheric P -T profiles against the H2O phase diagram (Dunaeva et al.,
2010) (black) and the critical curve from Gupta et al. (2025) for H2/H2O (grey dashed).
The profiles shown are generated self-consistently using the atmospheric abundances
from Holmberg and Madhusudhan (2024). Above the grey dashed curve, H2 and H2O
would be expected to exist as one phase.

We first place constraints on the range of possible interior compositions that
can reproduce the Mp and Rp of TOI-270 d to within their 1σ uncertainties. For
consistency with Holmberg and Madhusudhan (2024), we adopt Mp = 4.78 ± 0.43 M⊕

and Rp = 2.133 ± 0.058 R⊕ (Van Eylen et al., 2021). Initially, two end-member
core compositions are considered – the extreme case of a high density 100% Fe core
(xcore = xFe, fsilicate = 0), and an Earth-like composition core (fsilicate = 67%), where
we have defined fsilicate to be the silicates-to-iron ratio in the interior. We vary the
envelope, H2O and core mass fractions across the full parameter space, adopting an
extreme value for the maximum xH2O of 95%. In this and following sections, we consider
the P -T profiles informed by the Holmberg and Madhusudhan (2024) results – these
are Cases 1-4, generated via self-consistent modelling, as described in Section 4.2.2.
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Fig. 4.4 Top: Ternary diagram showing the best-fit compositions for TOI-270 d, for an
Earth-like core composition (blue) and a 100% Fe core (red). In both cases we adopt
Case 1 as the atmospheric P -T profile. Bottom: Mass fractions of the H2-rich envelope
against core mass fraction, for Earth-like (blue) and 100% Fe (red) core compositions.
The red and blue regions indicate combinations that reproduce the observed mass and
radius to within 1σ. The best fit solutions in each case are shown by the black solid
line. The dashed blue lines show constant H2O mass fractions at 25% intervals.
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Case 1 is adopted as our canonical profile, as it permits the full range of possible
interior scenarios.

The interior solutions able to reproduce the measured Mp and Rp of TOI-270 d to
within 1σ are shown in Figure 4.4, for core compositions of pure Fe and Earth-like,
and P -T profile Case 1. In the left-hand plot we represent these solutions on a ternary
diagram, with the coloured regions encompassing the 1σ solutions for each of the
considered core compositions. Red corresponds to pure Fe while blue corresponds
to an Earth-like core composition. In the right-hand side of Figure 4.4 we show the
envelope mass fraction against the core mass fraction for the 1σ solutions. The shaded
regions show the 1σ solutions as in the ternary diagram, while the black line indicates
the best-fit solutions that reproduce the median Mp and Rp. The blue dashed lines
indicate a constant H2O mass fraction. In these initial calculations, we have assumed
that the H2O layer is distinct, i.e. cannot be miscible in the H2-rich envelope, beyond
the standard 10% by mass as informed by observations.

As evident from these figures, the data permit a wide range of envelope, H2O and
hence core mass fractions. These include interior solutions with H2O mass fractions
(xH2O) across the full range considered (0 − 95%). Within the 1σ solutions, a larger
xH2O generally corresponds to a smaller envelope mass fraction (xenv), as is evident in
Figure 4.4. The upper limit of xenv is constrained to be 4.62%, for an unrealistic high-
density 100% Fe core and no distinct H2O layer. For lower density core compositions,
the maximum envelope mass fraction is lower. For an Earth-like core composition, the
maximum envelope fraction is found to be 2.27%.

The choice of envelope P -T profile affects the permitted interior solutions and
surface conditions. For instance, as is evident from Figure 4.3, only Cases 1 and 2
would permit a liquid ocean. Additionally, as described above, Cases 3 and 4 may
not be compatible with the observed atmospheric abundances due to the miscibility
of the H2O in the H2-rich envelope for a HHB lying in the vapour or supercritical
region of the H2O phase diagram. For interiors lacking a distinct H2O layer, i.e. gas
dwarf solutions, the choice of P -T profile affects the envelope mass fraction required.
For instance, with an Earth-like interior, the maximum xenv for Case 1 is 2.27%. For
Case 2, which is significantly hotter in the deep atmosphere due to the higher Tint, the
maximum xenv reduces to 1.33% for an Earth-like interior. The overall hottest profile,
Case 4, has the lowest maximum xenv of 1.06% for an Earth-like composition. Case
3, with the lower Tint = 25 K and low a, has intermediate maximum xenv = 1.61%
for an Earth-like core. We note that none of our atmospheric P -T profiles permit an
immiscible H2O supercritical ocean, as explored by Luu et al. (2024) for K2-18 b. As
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seen in Figure 4.3, our P -T profiles lie above the critical curve from Gupta et al. (2025),
indicating that the H2O and H2 would likely be miscible at these pressure/temperature
HHBs, hence precluding an immiscible supercritical H2O ocean. Cases with mixed
H2O/H2 are modelled in Section 4.3.4.

In Figure 4.5 we show the locus of PHHB and THHB for the possible interior solutions
of TOI-270 d, including cases with an Earth-like and a pure Fe core, assuming the Case
1 P -T profile in the envelope, corresponding to the solutions in Figure 4.4. The locus
traces the envelope P -T profile between lower and upper limits of THHB = 312 K and
PHHB = 0.3 bar, and THHB = 2922 K and PHHB = 7.4 × 104 bar. The lower pressure
and temperature HHBs generally correspond to smaller envelope mass fractions, and
hence larger H2O mass fractions, as in Figure 4.4.

A wide range of compositions for TOI-270 d are permitted, for the P -T profiles Cases
1-4, generated using the abundances of Holmberg and Madhusudhan (2024). Based
on these abundances, these interiors generally have hydrogen-dominated envelopes.
Broadly, the interior solutions fall into three categories – hycean worlds (with liquid
water oceans), mini-Neptunes, and gas dwarfs – as shown in Figure 1.15. These classes
of solution will be explored in detail in subsequent Sections 4.3.3-4.3.5. We also show
a mixed envelope case, representing the suggested interior of Benneke et al. (2024).
In the following, where a distinct boundary occurs between the H2O and H2, we
refer to the boundary as the H2O/H2-envelope boundary, or HHB (Madhusudhan
et al., 2020). The equivalent for gas dwarf cases we refer to simply as the surface, or
atmosphere-rock/magma interface.

4.3.3 Hycean World Scenarios

We have shown that the pressure and temperature conditions at the surface of TOI-
270 d are highly dependent on the assumed temperature structure in the envelope,
which in turn defines the phase of water (or silicates, in the gas dwarf scenario) at
the surface. The possibility of a liquid H2O surface is permitted by the P -T profiles
Case 1 and Case 2, with the high haze parameter of a = 1500 and Tint = 25 & 50 K
respectively. As described above, in Figure 4.5 we show the HHB locus for Case 1 that
correspond to the solutions in Figure 4.4.

In this section, we explore the solutions that permit a liquid H2O surface on
TOI-270 d. For cases assuming efficient day-night heat redistribution, we distinguish
between liquid water surfaces that host habitable conditions and those that do not, by
the terms “hycean worlds” and “hot hycean worlds”. We define a hot hycean world as
having a liquid H2O surface beneath an H2-rich atmosphere, with surface conditions
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beyond the range of commonly considered habitability limits. Habitable conditions are
here defined as 273 ≤ THHB ≤ 395 K and 1 ≤ PHHB ≤ 1000 bar, based on conditions
where life is found on Earth (Rothschild and Mancinelli, 2001; Merino et al., 2019).
We note that the maintenance of a liquid water ocean beneath a H2-rich envelope
across the full range of pressures and temperatures used here is debated, due to a
runaway greenhouse effect (e.g. Leconte et al., 2024) – this will be discussed further in
Section 4.4.1.

TOI-270 d is sufficiently close to its host star that it is likely tidally locked. On
tidally locked exoplanets, if the day-night heat redistribution is inefficient, this could
lead to large temperature differences between the day and night sides. Dark hycean
conditions are defined as a hycean world with a nightside that is sufficiently cool to
host habitable conditions while the dayside is too hot. In Section 4.3.3 we explore
possible dark hycean scenarios for TOI-270 d, which was suggested as a possibility by
Holmberg and Madhusudhan (2024).
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Fig. 4.5 Locus of possible H2O/H2-envelope boundary (HHB) conditions for TOI-270 d
for the Case 1 envelope P -T profile. An interior adiabat is also shown by the dashed
line, corresponding to the hycean case described in Section 4.3.3, with surface conditions
at 360 K and 18 bar.
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Hycean World

We find compositions permitting a liquid H2O ocean with habitable surface conditions,
i.e. hycean conditions, are permitted by Cases 1 and 2. The range of envelope
mass fractions permitting a habitable liquid surface on TOI-270 d are found to be
≲ 3.5 × 10−5. The limitation defining the maximum envelope mass is the resulting
surface temperature rather than pressure; the Case 1 profile reaches 395 K at ∼ 100 bar.
We find that habitable liquid surfaces require large H2O mass fractions ≳ 60% in their
interiors. As shown in Figure 4.4, the small envelope mass fractions required for low
temperature surfaces require a large H2O mass fraction to satisfy the planet’s bulk
density.

An example hycean interior with median Rp and Mp consists of xH2O = 75%,
xenv = 0.0012% and the remainder in an Earth-like core. The HHB in this case is at
THHB = 360 K and PHHB = 18 bar. The depth of the ocean above the high-pressure
ice layer is 284 km, with the high-pressure ice of thickness 1.08 R⊕ (6861 km). The
adiabat throughout the H2O layer for this case is shown in Figure 4.5.

As seen in Chapter 2, previous studies have investigated the ocean depths of
water-rich exoplanets, finding a dependence of depth on the surface gravity and
surface temperature (Noack et al., 2016; Nixon and Madhusudhan, 2021; Rigby and
Madhusudhan, 2024). For a given surface temperature, a lower surface gravity results
in a larger ocean depth. While, for a given surface gravity, a higher surface temperature
leads to a deeper ocean for HHB temperatures up to 413 K, where the trend reverses
(Nixon and Madhusudhan, 2021) due to the adiabatic temperature structure assumed
in the H2O layer. The difference in pressure from the surface to ocean base affects
the ocean depth, and the base pressure is fixed by the surface temperature. Varying
the surface pressure within the plausible range for a liquid surface has little effect on
the ocean depth. The definition of ocean depth adopted by Nixon and Madhusudhan
(2021), which we use in this chapter, is the depth at which the liquid phase ends, either
via the transition to high-pressure ice or to supercritical water. For the following, we
assume that the HHB pressure is such that the HHB remains in the liquid phase. A
surface with 273 ≤ THHB ≲ 295 K would result in an ice VI ocean base. However,
this is not possible for the envelope temperature structure considered for TOI-270 d.
295 ≲ THHB ≤ 413 K would result in an ice VII base. For 413 < THHB < 647 K there
would be a supercritical portion of the “ocean” between the liquid and high-pressure ice
layers – this is discussed in the following section. The contours in the right-hand side of
Figure 4.4 show a kink at xenv ∼ 10−4 for both core compositions. This corresponds to
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the HHB at which the H2O adiabat will no longer intersect the ice VII phase boundary
with increasing HHB temperature.

We find the possible range of hycean ocean depths to be ∼ 215-450 km for TOI-
270 d. For reference, the average depth of Earth’s ocean is 3.7 km (Charette and Smith,
2010) and the deepest point is ∼11 km (Gardner et al., 2014). The minimum ocean
depth is limited by the surface pressure. The depth of 215 km corresponds to a surface
pressure of 1 bar, at a temperature of 337 K. Conversely, the maximum ocean depth
occurs for the maximum habitable surface temperature of 395 K. This temperature is
the maximum considered for habitability, however the runaway greenhouse limit may
be reached at temperatures below this (e.g. Leconte et al., 2024). The thickness of the
high-pressure ice layers for TOI-270 d with a hycean surface are found to span up to
∼1R⊕. Thicker high-pressure ice layers correspond to larger H2O mass fractions and
lower HHB temperatures. As discussed in Section 2.4.1, the thickness of high-pressure
ice layers may have implications for their habitability (e.g. Madhusudhan et al., 2023a).

Hot Hycean World

In addition to habitable pressure-temperature surface conditions, we find that interior
solutions with a liquid H2O surface at more extreme pressures/temperatures are
permitted by both Cases 1 and 2. As shown in Figure 4.5, a liquid surface is permitted
by Case 1 up until THHB ≤ 647 K, the critical temperature. We note that the runaway
greenhouse limit may be reached at temperatures below this (e.g. Leconte et al., 2024),
potentially precluding an ocean at these temperatures. For Case 2, a liquid surface is
not possible above a HHB temperature of ∼500 K where the profile crosses into the
vapour region of the water phase diagram, as seen in Figure 4.3. Thicker atmospheres
and hence hotter HHBs will result in a supercritical HHB (or vapour, for Case 2).
Under these conditions, it may become important to consider H2O miscible in H2 –
this is considered in Section 4.3.4 for mini-Neptune cases.

Envelope mass fractions permitting a liquid surface on TOI-270 d, not restricted to
habitable pressures and temperatures, are found to be ≲ 1.5 × 10−4 for the envelope
P -T profiles considered. The corresponding H2O mass fractions are found to be ≳ 50%.
An example interior with a liquid surface with the median Rp and Mp, assuming Case 1
as the envelope P -T profile, consists of xH2O = 60%, xenv = 0.011% and the remainder
in an Earth-like core. The HHB in this case is at THHB = 584 K and PHHB = 172 bar.
The liquid ocean becomes supercritical beyond a depth of 23 km, down to 1693 km,
before a high-pressure ice layer of thickness 4199 km (0.66R⊕). An example, also
with the median Rp and Mp, instead adopting Case 2 as the envelope P -T profile,
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consists of xH2O = 72%, xenv = 0.00103% and the remainder in an Earth-like core. The
HHB in this case is at THHB = 436 K and PHHB = 15 bar. The liquid ocean becomes
supercritical beyond a depth of 361 km, down to 608 km, and lies atop a high-pressure
ice layer of thickness 6331 km (0.99R⊕). To reproduce the same Rp, the hotter envelope
P -T profile requires a smaller value of xenv for a given value of xH2O.

As for the habitable surface cases in Section 4.3.3, we place constraints on the
ocean depths permitted for the liquid surface solutions. Overall, we find the possible
range of ocean depths for TOI-270 d with a liquid surface to be ≲ 480 km. The peak
depth occurs at THHB = 413 K (Nixon and Madhusudhan, 2021), before a supercritical
layer beneath the ocean occurs for higher HHB temperatures.

Dark Hycean Conditions

In this section, we explore the possibility of a dark hycean scenario for TOI-270 d, which
we note may be infeasible when considering the effects of atmospheric circulation and
the runaway greenhouse limit (e.g. Innes et al., 2023; Leconte et al., 2024). It remains
difficult to place robust constraints on the day and nightside surface temperatures
of tidally-locked sub-Neptunes observed only with transmission spectroscopy, since
observations probing the photosphere at the terminator cannot easily constrain the day
or night side temperature structure, albedo or atmospheric composition. Therefore,
we explore a range of HHB temperatures for the day and night sides of potential
dark hyceans. Innes et al. (2023) suggest weak temperature gradients for temperate
sub-Neptunes with H2-rich atmospheres due to the slow rotation rates. Informed by
this, we therefore consider day-night temperature contrasts up to a maximum of 100 K.
We note that we do not consider the dynamics of the atmosphere or ocean in this
initial exploration of the internal structure of dark hycean worlds, which is expected to
have a significant effect on the possible day-night contrast. In this highly simplified
scenario, we treat the day and night sides independently, adopting an adiabatic profile
in the interior on each side for an assumed THHB and PHHB. For dark hycean conditions,
the nightside HHB is at habitable temperatures (273 ≤ THHB ≤ 395 K) and pressures
(1−1000 bar). On the dayside we allow the temperature to vary within the full possible
range while maintaining a liquid surface – at 10 bar this is up to ∼450 K and at 100 bar
this is up to ∼585 K. In reality, as discussed above, the day-night contrast would likely
be less than this (e.g. Innes et al., 2023). We are also assuming that the hotter day-side
surface remains below the runaway greenhouse limit, as potentially possible in the
presence of high albedo (e.g. Leconte et al., 2024), as required for a hycean scenario
(Madhusudhan et al., 2021).
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Fig. 4.6 Examples of possible dark hycean interiors of TOI-270 d, excluding the H2-rich
envelope, with varying nightside HHB temperatures. The right-hand-side of each plot
shows the nightside with THHB = 300 K, THHB = 350 K and THHB = 380 K, while the
left-hand-side of each plot shows the dayside with THHB = 400 K or and THHB = 450 K.
All cases except the bottom-right have 70% H2O by mass, and PHHB = 50 bar. The
bottom-right case has PHHB = 75 bar.
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In Figure 4.6 we show examples of dark hycean interiors for TOI-270 d. In these
cases, the HHB is fixed at 50 bar for both the day and night sides, i.e. only the HHB
temperature is varying between them. The value of 50 bar would be the pressure for a
400 K surface, using the Case 1 P -T profile. For these surface conditions, a solution
with median Mp and Rp has ∼ 70% H2O by mass; therefore we adopt this fraction, with
the remaining mass in an Earthlike core. We vary the nightside HHB from 300-380 K,
for a 400 K dayside. The corresponding interiors are shown in Figure 4.6. For all of
the HHBs shown at 400 K, 380 K, 350 K and 300 K, the resulting H2O phase structure
is liquid to ice VII to ice X. (At this PHHB, THHB > 413 K is required for a supercritical
portion of the ocean.) We also show an example with the dayside sufficiently hot for a
supercritical layer between the ocean and ice, which is shown in pink in Figure 4.6.
The dayside HHB here is at 450 K and 75 bar. The effect of ocean dynamics on the
existence of supercritical regions is yet to be explored. As is evident from Figure
4.6, this difference in surface temperature makes negligible difference to the internal
structure beneath the ocean.

4.3.4 Mini-Neptune

For the P -T profiles considered in this work, we find a wide range of H2O and envelope
mass fractions across which the interior of TOI-270 d could host mini-Neptune-like
conditions. These interiors correspond to the vapour or supercritical HHBs shown
in Figure 4.5. An example of a typical mini-Neptune solution consists of 0.4% H/He
envelope, 50% H2O and 49.6% Earth-like core. The HHB here is supercritical, at
953 K and 5510 bar, with the H2O transitioning to ice XVIII (superionic ice) deeper
in the interior. These calculations assumed that the H2-rich envelope and H2O layers
remain distinct. However, it has been suggested that supercritical H2O would become
mixed with the H2-rich envelope (Soubiran and Militzer, 2015; Gupta et al., 2025).
Recently, Gupta et al. (2025) performed molecular dynamics simulations based on
density functional theory to establish the interactions of hydrogen and water at pressures
and temperatures relevant to sub-Neptune planets. They found that the critical curve,
marking the transition from single to separate phases, is at lower temperature than
previous studies (Soubiran and Militzer, 2015) and can well-match experimental data.
Therefore, this underscores the expectation, as suggested by other studies (Nixon and
Madhusudhan, 2021; Benneke et al., 2024), that a mixed water/hydrogen envelope may
be present for sufficiently warm, water-rich sub-Neptunes. Gupta et al. (2025) suggest
this to be the case for TOI-270 d, as found by Benneke et al. (2024), if its temperature
at 1 bar exceeds its zero albedo equilibrium temperature of 387 K. This is the case
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for our P -T profiles Cases 3 & 4, while Cases 1 & 2, with more hazes, are cooler at 1
bar. The median retrieved atmospheric abundances from Holmberg and Madhusudhan
(2024) shows an H2-dominated composition. This would hence correspond to a cold
trap, as in Cases 1 & 2.

We calculate the EOS for varying proportions of H2O by mass in the atmosphere
using Equations 4.1 and 4.2, as in Section 4.2.3. We vary the atmospheric H2O mass
proportion (fH2O) up to 50% (from our canonical 10%), somewhat nominally, informed
by the uncertainty in the observed H2O mixing ratio. We consider a range of envelope
P -T profiles by varying the radiative-convective boundary pressure, Prc. We modify
Case 1 to adopt Prc = 10 bar, in addition to the canonical Case 1 profile. Beyond Prc

the profile follows an adiabat, which we calculate assuming different values of fH2O.
The envelope composition is considered fully mixed below the cold trap. In all cases,
for simplicity, the mass contained in the H2-rich atmosphere above this cold trap is
considered to be negligible, and we treat this as isothermal. We assume there is no
phase separation throughout the mixed layer, i.e. no formation of high-pressure ices
below the envelope (Gupta et al., 2025). The mass and radius are fixed at their median
values for the following calculations.

We first consider the canonical Case 1 profile. For an envelope H2O to H2/He
fraction (fH2O) of 50% overlying an Earth-like interior we find an envelope mass
fraction of xenv = 5.64% is required to achieve the median Rp for the median Mp. The
surface lies at 1.85 × 105 bar and 3186 K. In contrast, from Section 4.3.2, we showed
that our canonical envelope composition (fH2O=10%) has the smaller corresponding
xenv = 2.25% for an Earth-like interior. For fH2O = 40% and an Earth-like interior we
find xenv = 4.12% is required, with the surface at 1.37 × 105 bar and 3125 K.

Next, we consider Case 1 modified to have Prc at 10 bar, which results in a profile
hotter than the canonical Case 1. Therefore, for fH2O = 40% and an Earth-like
interior, a smaller envelope mass fraction of xenv = 3.32% is required to achieve the
median radius for the median planetary mass. The equivalent value for fH2O of 50% is
xenv = 5.14%.

For the Case 2 profile, we do not vary Prc since this is already ∼10 bar, as seen in
Figure 4.1. For fH2O = 50% and an Earth-like interior we find xenv = 3.75% is required
for median Rp and Mp. The surface lies at 1.29 × 105 bar and 4007 K. In contrast,
our canonical fH2O = 10% H2O envelope composition has the smaller corresponding
xenv = 1.10% for an Earth-like interior.

As mentioned in Section 4.3.1, Cases 3 and 4 lack a cold trap. This would imply
that a mixed H2O/H2 envelope would be likely detectable. For the one offset and
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simultaneous dual transit case (Holmberg and Madhusudhan, 2024) that we adopt for
our canonical mixing ratios in Section 4.2.2, the upper limit may permit fH2O values
of ∼40% by mass in the envelope. However, the observational evidence for H2O is
tentative (Holmberg and Madhusudhan, 2024). Future observations may reveal stronger
H2O detections that will prompt further investigation into the envelope composition
and temperature structure, and the corresponding interior composition, similar to that
suggested by Benneke et al. (2024).

As a demonstration of a fully mixed envelope, we consider the Case 4 profile. For a
fH2O = 50% and an Earth-like interior we find xenv = 3.24% is required to achieve the
median radius for the median planetary mass. The surface lies at 1.15 × 105 bar and
3821 K. The equivalent for fH2O = 40% is xenv = 2.23%, with surface at 7.98 × 104 bar
and 3668 K. Our canonical fH2O = 10% case required xenv = 0.86%.

4.3.5 Gas Dwarf

In this section we explore the set of interiors lacking a significant H2O mass fraction,
with H2-dominated atmospheres overlying rocky interiors, referred to here as gas
dwarfs. Gas dwarf scenarios for temperate sub-Neptunes may have solid or molten
surfaces beneath the thick H2-rich envelope. In Chapter 3 we outlined a framework
to establish the feasibility of such scenarios for temperate sub-Neptunes. We showed
that the feasibility of a solid or magma surface is highly dependent on the atmospheric
temperature structure, while remaining consistent with internal structure constraints
from the planetary bulk parameters. The possibility and observational implications of
a potential rocky or magma surface on TOI-270 d will be discussed in Section 4.4.4.

In Section 4.3.2 we placed initial constraints on the H2-rich envelope mass fractions
permitted by the bulk properties of TOI-270 d. The permitted envelope mass fractions
are dependent on the assumed temperature structure in the envelope and the core
composition. The maximum envelope mass fraction corresponds to a maximum density
pure Fe core with the maximum planet radius, at xenv = 4.70% for the coolest P -T
profile (Case 1). With an Earth-like and pure silicate interior, the maximum values of
xenv are 2.25% and 1.44% respectively. In these initial calculations, we did not include
an EOS prescription for silicate melt, instead using the EOS from Seager et al. (2007),
as described in Section 4.2.3.

Following from our initial calculations, we now place constraints on the interior
compositions allowing a magma or solid rocky surface for our range of P -T profiles,
using the EOS treatment for silicates from Chapter 3.
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Fig. 4.7 Atmospheric P -T profiles considered in this work, compared to the liquidus
and solidus for peridotite (Fiquet et al., 2010; Monteux et al., 2016). Cases 1-4 are
the self-consistent profiles generated in this work from the atmospheric abundances of
Holmberg and Madhusudhan (2024). We also include the “evening” P -T profile from
Benneke et al. (2024) for comparison.

In Figure 4.7 we show the atmospheric P -T profiles Cases 1-4, shown by the solid
lines, against the liquidus and solidus for peridotite, shown by the dashed black lines
(Fiquet et al., 2010; Monteux et al., 2016). Similar to the process for considering
H2O-rich interiors, the possibility of a magma surface can be initially assessed by
the phase of peridotite at the envelope base. As in Chapter 3, the melt-atmosphere
interactions and atmospheric chemistry would need to be considered, before establishing
the potential feasibility of matching observed atmospheric abundances. We leave an
execution of the full framework for TOI-270 d, beyond the internal structure modelling,
to future work.

We first adopt our canonical Case 1 P -T profile, the coldest of those considered,
and consider interior compositions ranging from the extreme cases of fsilicate = 100%
to fsilicate = 5%. For the following, the solutions have Mp and Rp equal to the median
measurements. For the extreme case assuming fsilicate = 100%, the surface would not
be molten. We note that this is assuming the liquidus as the melt-solid transition –
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these pressure/temperature surface conditions lie between the solidus and liquidus
and would hence be expected to result in partial melt. The corresponding xenv is
1.01%, with Ps = 2.66 × 104 bar and Ts = 2111 K. With increasing proportion of Fe in
the interior, the corresponding surface pressure increases. For an Earth-like interior
composition, the surface would be molten, at Ps = 5.25×104 bar and Ts = 2661 K. The
mass fraction contained in the melt (xmelt) is 16.5%, and the corresponding envelope
mass fraction is xenv = 1.65%. Increasing the Fe content to a Mercury-like interior
(fsilicate = 30%) we find xenv = 2.76% and xmelt = 10.13%, with surface conditions
Ps = 1.18 × 105 bar and Ts = 3210 K. For the extreme case of fsilicate = 5%, we find a
4.78% melt fraction, with xenv = 3.85%, with surface conditions Ps = 2.23 × 105 bar
and Ts = 3472 K.

We also consider Case 2 for the envelope P -T profile. This profile is calculated
assuming high hazes (a = 1500) and Tint = 50 K, compared to Tint = 25 K for
Case 1. The hotter profile at higher pressures results in a molten surface across all
fsilicate values considered. An example solution for an Earth-like interior composition
has envelope mass fraction xenv = 0.94%. The corresponding surface conditions are
Ps = 3.11 × 104 bar and Ts = 3241 K, with xmelt is 12.25%. Due to the hotter P -T
profile, the surface pressure for the same fsilicate in the interior is lower for Case 2 than
for Case 1.

4.4 Summary and Discussion

In this study, we have conducted a theoretical exploration of the range of possible
interior compositions and surface conditions for TOI-270 d, based on atmospheric
constraints. We placed constraints on the possible compositions that satisfy the
reported bulk properties of the planet, adopting self-consistent envelope P -T profiles
generated using retrieved atmospheric abundances (Holmberg and Madhusudhan, 2024).
We presented our results for the possible interior and surface conditions, which span
gas dwarfs, mini-Neptunes and water-rich worlds with liquid ocean surfaces, including
hycean worlds, hot hycean worlds and dark hycean worlds.

For our assumed envelope temperature structures, we first explored the possible
interior compositions that permit liquid H2O on the surface of TOI-270 d. The H2-rich
envelope mass fractions across these cases span xenv ≲ 1.5 × 10−4, while the H2O mass
fractions are xH2O ≳ 50%. Habitable hycean conditions at the HHB are possible for
envelope mass fractions ≲ 3.5 × 10−5 and H2O mass fractions ≳ 60%, where the surface
is defined to be 273 ≤ THHB ≤ 395 K and 1 ≤ PHHB ≤ 1000 bar. We note that the



4.4 Summary and Discussion 145

runaway greenhouse limit could be reached for temperatures below the upper limit of
our assumed temperature range (e.g. Leconte et al., 2024). Across the hycean cases,
the possible ocean depths are found to span 215 − 450 km, atop icy mantles that can
exceed thickness of 1 R⊕. We additionally explore a simple model of possible dark
hycean conditions, where only the nightside has habitable pressures and temperatures
at the surface. This was suggested to be a possibility on TOI-270 d due to its relatively
high equilibrium temperature for a hycean candidate (Holmberg and Madhusudhan,
2024).

Hycean scenarios are the only shallow-atmosphere interiors compatible with the
bulk properties of TOI-270 d. The alternatives are a mini-Neptune and a gas dwarf – a
rocky interior beneath a thick H2 envelope. In Section 4.3.4 we explored the possibility
of a mini-Neptune scenario for TOI-270 d. We adopt a mixed H2O/H2 envelope up to
a cold trap, as permitted by the atmospheric P -T profiles Cases 1 and 2, which would
remain compatible with the retrieved H2O abundance of Holmberg and Madhusudhan
(2024). For gas dwarf scenarios, considered in Section 4.3.5, we find the possible
envelope mass fractions to span 1 − 5%, with conditions at the surface ∼ 104 − 105 bar.
Depending on the atmospheric P -T profile, we show that magma oceans may be
possible on TOI-270 d for these envelope mass fractions. Further study is required to
robustly assess the feasibility of a magma ocean surface given the observed atmospheric
composition (e.g. Benneke et al., 2024).

In this section, we explore the possible classification of TOI-270 d and the feasibility
of robustly constraining the nature of its surface and interior. We discuss the possibility
of TOI-270 d hosting habitable conditions as a hycean or dark hycean world in
Section 4.4.1. We then discuss the mini-Neptune scenario for TOI-270 d in Section 4.4.2.
In Section 4.4.3, we explore the feasibility of a gas dwarf scenario for TOI-270 d,
including its potential to host a magma ocean, in addition to the detectability of this
compared to a liquid water ocean. Finally, we outline the future prospects for the
characterisation of TOI-270 d in light of the recent and upcoming observations.

4.4.1 Hycean Scenarios

In Section 4.3.3 we investigated interior solutions permitting liquid water on the surface
of TOI-270 d. These solutions were explored for our P -T profiles Case 1 and Case
2 – the profiles that pass through the liquid region of the H2O phase diagram. We
identified the set of solutions corresponding to habitable hycean scenarios, in addition
to liquid surfaces with temperatures ≳ 395 K, which would preclude habitability. We
note that the formation pathway of hycean worlds remains unexplored – for instance,
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whether the large mass fraction of water can remain as a distinct layer or is at least
partially mixed with the rock (e.g. Vazan et al., 2022; Luo et al., 2024).

Recent studies of hycean climates have suggested that convective inhibition may
result in steep temperature gradients in the atmosphere close to the surface, resulting
in surfaces too hot to sustain liquid water (e.g. Innes et al., 2023; Leconte et al., 2024).
For K2-18 b, which has a lower equilibrium temperature than TOI-270 d, Leconte et al.
(2024) found that a high albedo (AB > 0.5 − 0.6) due to clouds and/or hazes would be
required to maintain a liquid ocean. This high albedo is consistent with the definition
for hycean worlds given by Madhusudhan et al. (2021). The models of Innes et al.
(2023) do not incorporate clouds and hazes. For TOI-270 d, from the atmospheric P -T
profiles, we have established that hazes are required to allow the possibility of a liquid
surface on TOI-270 d – Cases 1 & 2 permit liquid oceans at the planetary surface, for
a range of internal temperatures, assuming a strong albedo due to hazes. The recent
observations did not provide strong constraints on the presence of clouds and/or hazes
in the atmosphere of TOI-270 d (Holmberg and Madhusudhan, 2024), which may be
refined by future observations.

As suggested by Holmberg and Madhusudhan (2024), even if the dayside of TOI-
270 d is too warm to allow for habitable conditions, inefficient day-night redistribution
could lead to a habitable nightside. In Section 4.3.3 we explored potential dark hycean
scenarios for TOI-270 d. Innes et al. (2023) suggest weak temperature gradients for
temperate sub-Neptunes with H2-rich atmospheres due to the slow rotation rates.
These processes and resulting temperature contrasts have yet to be established for a
moist hycean atmosphere with clouds and/or hazes, therefore we considered a range
of surface temperatures, with day-night temperature contrasts up to a high value
of 100 K. The dynamics of hycean atmospheres and oceans have yet to be explored,
including the distribution of heat in the oceans in tidally locked hyceans, which will
have significant implications for the dark hycean scenario. To maintain a liquid surface,
the dayside conditions would further need to remain below the runaway greenhouse
limit (e.g. Leconte et al., 2024), requiring a high albedo.

4.4.2 Mini-Neptune Scenarios

In Section 4.3.4 we explored mini-Neptune scenarios for TOI-270 d, which are charac-
terised by a water-rich interior with no distinct surface. We include the possibility of a
mixed H2/H2O layer, as has suggested to be likely for sufficiently warm conditions on
water-rich sub-Neptunes (e.g. Nixon and Madhusudhan, 2021; Benneke et al., 2024;
Gupta et al., 2025). This situation can arise with or without a cold trap. In the former
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case, H2O would condense out, resulting in a H2-dominated upper atmosphere, as
consistent with the findings of Holmberg and Madhusudhan (2024). This is represented
in the interior solutions from our P -T profiles Cases 1 & 2. Meanwhile, the results of
Benneke et al. (2024), with high mean molecular weight, are suggested to be consistent
with a fully mixed envelope. However, as yet, no strong evidence for H2O has been
found for the atmosphere of TOI-270 d (Holmberg and Madhusudhan, 2024; Benneke
et al., 2024; Felix et al., 2025). Future observations are required to strengthen the
evidence for H2O, which will provide further insight into the envelope composition.

Recent work has investigated the conditions for miscibility and phase separation
of water and hydrogen at pressures relevant to sub-Neptune interiors (Gupta et al.,
2025). Future work, including evolution models, should incorporate a more thorough
treatment of this behaviour to assess the possible phase behaviour in such interiors.
Whether a sub-Neptune’s interior temperature structure crosses the critical curve
during its evolution, indicating phase separation of hydrogen and water, may prove
crucial to assessing its present interior structure.

The presence of abundant NH3 and CH4 have been suggested as characteristics of
a mini-Neptune atmosphere, due to the deep atmosphere recycling of photochemically
produced nitrogen and carbon species (e.g. Tsai et al., 2021; Hu et al., 2021; Cooke
and Madhusudhan, 2024). The atmospheric chemistry of TOI-270 d and similar sub-
Neptunes will vary depending on the presence or lack of a cold trap (e.g. Yang and Hu,
2024). Future observations providing improved constraints on the H2O abundance will
be crucial to establish this. Further work is additionally required to strengthen the
observational predictions for a mini-Neptune scenario, including accurate and complete
cross-section data, and chemical networks for photochemical models. We also note
that the chemistry in a supercritical mixed H2/H2O envelope has not been explored in
detail.

4.4.3 Gas Dwarf Scenarios

The set of compositions permitting a gas dwarf scenario for TOI-270 d, characterised
by a rocky interior and a thick H2-rich envelope, were explored in Section 4.3.5. For
our assumed atmospheric temperature profiles, we find the envelope mass fractions
required in this scenario to be ∼ 1 − 5%, for interior compositions varying between the
extreme cases of pure silicate to pure iron interiors. The corresponding atmospheric
base pressures span ∼ 104 − 105 bar, depending on the assumed core composition.

In Chapter 3 we outlined a method for evaluating the plausibility of gas dwarf
scenarios, including the presence of a magma ocean, for temperate sub-Neptunes. This
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end-to-end framework coupled an internal structure model, melt-atmosphere interface
chemistry and atmospheric models. Overall, we found that the CO/CO2 ratio is a key
indicator of a deep atmosphere, expected to be CO/CO2 > 1 for a lack of observed H2O,
and CO/CO2 ≲ 1 in the presence of H2O. Taking into account the bulk properties of
the planet in a holistic modelling framework is hence crucial to establish the feasibility
of a gas dwarf scenario and potential presence of a magma ocean. We found using
this framework that the observations for K2-18 b could not be explained by a magma
ocean. The pattern of detections and non-detections in TOI-270 d is similar to those of
K2-18 b (Madhusudhan et al., 2023b), including the depletion of NH3 (Holmberg and
Madhusudhan, 2024; Benneke et al., 2024; Felix et al., 2025). Although, similarly to
K2-18 b, JWST observations of TOI-270 d thus far have provided only upper limits on
the CO abundance (Holmberg and Madhusudhan, 2024; Benneke et al., 2024). Given
these upper limits, a CO/CO2 ratio > 1 is unlikely for TOI-270 d, which would be
difficult to reconcile with the presence of a deep, gas dwarf atmosphere. In Chapter 3
we also tentatively suggest that sulfur depletion could be an indicator, depending on
the assumed solubility laws, which could become important for TOI-270 d given the
tentative CS2 detection. Recently, Glein et al. (2025) suggested a lack of CO in the
atmosphere of TOI-270 d could be explained by equilibrium chemistry of hot gas in
a H2O-rich and CO2-poor atmosphere. This study relies on the presence of a high
mean molecular weight atmosphere (Benneke et al., 2024; Felix et al., 2025), which is
in contrast to the findings of Holmberg and Madhusudhan (2024).

For TOI-270 d, as shown in this work, and K2-18 b as shown in Madhusudhan et al.
(2020), large atmospheric mass fractions ≳ 1% are required to satisfy the observed mass
and radius in the absence of a H2O layer. Under these conditions, surface pressures
at the lowest are ∼104 bar and for many interior solutions for both planets extend
to ≳ 105 bar (Madhusudhan et al., 2020; Rigby et al., 2024). The partitioning of
volatiles at high pressures (≳105 bar) is not well tested experimentally (Kite et al., 2019;
Schlichting and Young, 2022; Shorttle et al., 2024), therefore future studies are needed
to further explore the interaction of a magma ocean with a H2-rich atmosphere at
such extreme pressures and temperatures. Modelling gas dwarfs with potential magma
oceans also requires an assumption to be made on the nature of the melt composition,
which can have significant effects on the density and melt curve. Furthermore, the
phase behaviour of hydrogen and rock at such high pressures (e.g. Young et al., 2024)
may have implications for the differentiation of these materials, and hence the formation
of a distinct surface.
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Establishing the nature of planets in the sub-Neptune regime is crucial in under-
standing planet formation and evolution processes, including the cause of the radius
valley (e.g. Fulton et al., 2017; Fulton and Petigura, 2018a; Cloutier and Menou, 2020).
Rocky planets with thick H2-rich envelopes have been suggested to dominate the larger
radius peak above the radius valley, with the smaller radius population having lost
their H2-rich atmospheres via photoevaporative (e.g. Lopez and Fortney, 2013; Jin
et al., 2014; Owen and Wu, 2017; Jin and Mordasini, 2018) and/or core-powered mass
loss (e.g. Ginzburg et al., 2018; Gupta and Schlichting, 2019, 2020). However, this
remains debated – for instance, whether water-rich sub-Neptunes also explain this
second peak (e.g. Zeng et al., 2019; Rogers, 2025). For individual exoplanets, atmo-
spheric molecular abundances, in addition to improved precision of mass and radius
measurements, are crucial for characterising their interiors and surfaces. As discussed
above, further theoretical and experimental studies are also necessary to achieve this.
Multiple sub-Neptunes have already been observed with JWST (e.g. Madhusudhan
et al., 2023b; Kempton et al., 2023; Wallack et al., 2024), however to better understand
the nature and diversity of this population, high-precision transmission spectra will
need to be obtained for large numbers of these planets.

4.4.4 Prospects for Future Characterisation

TOI-270 d has been observed as part of multiple JWST programs (GTO Program
2759, GO Programs 3557 & 4098), with the NIRISS, NIRSpec and MIRI instruments,
spanning 0.9-12 µm. Holmberg and Madhusudhan (2024) analysed recent NIRSpec
G395H observations in addition to HST data (Mikal-Evans et al., 2023), reporting
strong detections of CH4 and CO2 detections and a non-detection of NH3, along with
tentative H2O and CS2. As we have shown in this work, the planetary bulk and
atmospheric properties allow for a wide range of interior compositions for TOI-270 d,
given the current uncertainties.

Constraints on the photospheric metallicity and temperature through transmission
spectroscopy can provide useful information on the possible interior compositions. As
discussed by Benneke et al. (2024), their high obtained atmospheric metallicity and
temperature would likely preclude the presence of a distinct H2O layer, as this would
be supercritical at depth, and hence mixed with H2. The median retrieved abundances
of Holmberg and Madhusudhan (2024) are not compatible with a fully mixed envelope
without a cold trap. If future observations were to provide stronger evidence for H2O at
higher abundance, towards the upper limit of the current Holmberg and Madhusudhan
(2024) error bars, this may indicate the presence of a mixed H2O/H2 envelope. Robust
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atmospheric retrievals on precise JWST data are essential to accurately inform these
inferences for the interior and surface conditions of sub-Neptunes, including TOI-270 d.

It is difficult to place robust constraints on the day and nightside surface tem-
peratures of tidally-locked sub-Neptunes observed with transmission spectroscopy
alone. Atmospheric abundances in the photosphere at the terminator cannot easily
constrain the day or night side temperature structure, albedo or composition of the
atmosphere. Determining the atmospheric temperature structures of sub-Neptunes is
already complex (e.g. Piette and Madhusudhan, 2020; Innes et al., 2023; Leconte et al.,
2024), for instance, due to the effects of clouds/hazes. Therefore, to place constraints
on the dayside properties of tidally-locked sub-Neptunes, future observations will need
to include emission spectroscopy.

The range of explanations for the transmission spectra of the recently observed sub-
Neptunes highlights the importance of studies into the complex relationship between
sub-Neptune atmospheres and surfaces (e.g. Hu et al., 2021; Rigby et al., 2024; Yang and
Hu, 2024; Cooke and Madhusudhan, 2024; Young et al., 2024; Glein et al., 2025). The
abundance of high precision spectroscopic data from JWST requires robust theoretical
models to best inform interpretation of such results. As discussed earlier in Section
4.4, additional experimental and theoretical work is needed to better establish the
observational diagnostics of possible surface layers, including liquid water and magma
oceans. Further experimental work is required to improve the solubility data for
chemical species in these materials, and to investigate the behaviour of planetary
materials at high pressures and temperatures (e.g. Young et al., 2024; Gupta et al.,
2025). Atmospheric data remains crucial for helping to break degeneracies in interior
composition that are inherent in internal structure modelling. We note that robust
data reduction and retrieval frameworks must be employed to accurately determine
atmospheric abundances from the high-precision JWST data.

Temperate sub-Neptunes orbiting M dwarfs, including TOI-270 d, remain exciting
targets for detailed atmospheric characterisation with JWST. Observations of these
planets provide important case studies for understanding the broader nature of the
sub-Neptune population and the implications for planet formation/evolution processes.
Robustly determining the nature of sub-Neptune atmospheres, surfaces and interiors
requires further theoretical and experimental studies, including atmosphere/surface
interactions, and equations of state at relevant pressures and temperatures. The high
precision JWST transmission spectra of sub-Neptunes, including TOI-270 d, will help
to shed light on their individual compositions and overall on this intriguing planetary
regime.



Chapter 5

Conclusions and Future Work

In this thesis, we have explored a diverse range of interior scenarios for sub-Neptune
exoplanets. These studies have covered both an investigation of theoretically possible
interior conditions, as well as efforts to place constraints on the interiors of individual
sub-Neptune based on their observable properties. This body of work highlights
the importance of coupling internal structure models to atmospheric models and
observations to best constrain the nature of these planets. In the following sections,
we summarise the conclusions from the preceding chapters of this thesis, and describe
potential areas for future research in this area.

5.1 Oceans and Interiors of Hycean Worlds

In this chapter we performed a theoretical exploration of hycean worlds – a recently
proposed class of habitable sub-Neptune with surface water oceans beneath thin
hydrogen-rich atmospheres (Madhusudhan et al., 2021). We outlined the details of
our internal structure model HyRIS, which was used to investigate the range of ocean
depths, interior compositions and envelope mass fractions possible for hycean worlds.

We found the expected range of ocean depths for hycean worlds to span 10s of km
to ∼1000 km, with the depth influenced by the surface conditions. We confirm the
results of Nixon and Madhusudhan (2021), showing the trends of ocean depth with
surface temperature and gravity. We then considered five promising hycean candidates
with (at the time) upcoming JWST data: TOI-270 d, TOI-1468 c, TOI-732 c, K2-18 b
and LHS 1140 b. For each planet, we placed constraints on the interior compositions
to allow for hycean conditions and the corresponding ocean depths. We identified
the mass fractions of the H2-rich envelopes across the hycean candidates considered,
finding the maximum envelope fraction admissible for hycean conditions to be ∼10−3.
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The maximum envelope mass fraction for non-hycean conditions were also calculated,
found to span ∼4 − 8% across the sample. These cases correspond to a gas dwarf
scenario, with a thick H2-rich envelope overlying a rocky interior.

The results in this chapter demonstrate the diverse range of conditions possible
among hycean worlds, and the potential for these planets to host habitable conditions
across a wide range of interior compositions, vastly different to the Earth. Identifying
hycean conditions on hycean candidates requires establishing the presence of a surface
ocean using data on atmospheric composition coupled to models of atmospheric
chemistry (e.g. Yu et al., 2021; Hu et al., 2021; Tsai et al., 2021; Madhusudhan et al.,
2023a; Cooke and Madhusudhan, 2024).

5.2 Gas Dwarf Scenarios for Temperate Sub-Neptunes

In this chapter we considered one of the degenerate interior scenarios for temperate
sub-Neptunes: the gas dwarf scenario, characterised by thick H2-rich atmospheres
overlying a rocky interior. We presented a framework to evaluate the plausibility of
this scenario on a case-by-case basis, including modelling the atmospheric structure,
internal structure, magma-atmosphere interface chemistry, and atmospheric chemical
and disequilibrium processes. The abundances of observable atmospheric species can
thus be predicted for a given temperate sub-Neptune which can be compared to
observed abundances.

We include the possibility of both solid and magma surfaces, which is determined
by the pressure-temperature conditions at the base of the atmosphere. Our findings
show that the melt fraction admissible depends on the interior composition and the
atmospheric P -T profile, the latter depending on the internal temperature Tint, the
properties of clouds/hazes, and the molecular absorbers present.

The key atmospheric signatures for a gas dwarf are then identified. These include
the abundances of CO and CO2, and the possible nitrogen depletion if melt is present.
CO/CO2> 1 is expected if no H2O is observed, for instance due to condensation.
Alternatively, in the presence of H2O, CO/CO2 ≲ 1 is expected due to the additional
available oxygen for CO2 formation from the photolysis of H2O. We find that the
possible nitrogen depletion in the presence of a magma ocean is most strongly dependent
on the surface pressure. Therefore, nitrogen depletion alone is not found to be sufficient
evidence for a magma ocean.

We present a test-case of the framework, using the habitable-zone sub-Neptune
K2-18 b. Our findings indicate that the current chemical constraints (Madhusudhan
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et al., 2023b) are inconsistent with a gas dwarf interior for K2-18 b, due to the high
observed CO2 along with the lack of H2O and the low upper limit of CO compared to
predictions. This is the case independent of a magma ocean or solid surface.

This chapter stresses the importance of an integrated framework for obtaining
physically plausible results for modelling sub-Neptune gas dwarfs. In addition, we
highlight the need for further experimental work to reduce some important unknowns.
The solubility of a number of chemical species at high pressures and temperatures and
in reducing conditions are not well understood, including NH3 and H2S. There are also
uncertainties in the sulfur photochemical network that prevents a confident proposal
of sulfur species as reliable atmospheric diagnostics.

5.3 Interior and Surface Conditions of the Temper-
ate Sub-Neptune TOI-270 d

In this chapter we presented an exploration of the possible interior and surface conditions
for the temperate sub-Neptune TOI-270 d, based on recent atmospheric constraints.
TOI-270 d was recently observed with JWST (Holmberg and Madhusudhan, 2024;
Benneke et al., 2024). Using the atmospheric abundances from Holmberg and Mad-
husudhan (2024), we self-consistently generated atmospheric temperature structures
for a range of internal temperatures and haze properties. We used these to conduct
internal structure modelling for TOI-270 d, exploring the full range of possible interior
scenarios. These interiors span gas dwarf, mini-Neptune and hycean world scenarios.
For each of these cases, we determine the range of possible interior compositions and,
where applicable, surface conditions.

For hycean scenarios, we find that H2-rich envelope mass fractions ≲ 1.5 × 10−4

are required, with H2O mass fractions ≳ 50% for a liquid water surface. For habitable
surface conditions, defined to be 273 ≤ THHB ≤ 395 K and 1 ≤ PHHB ≤ 1000 bar, we
find envelope mass fractions ≲ 3.5 × 10−5 and H2O mass fractions ≳ 60% are needed.
It is important to note that depending on the surface pressure, the runaway greenhouse
limit could be reached at temperatures below our adopted maximum (e.g. Leconte
et al., 2024). The possible ocean depths are found to span 215 − 450 km across all
hycean scenarios.

We then explored the mini-Neptune scenarios. In these cases, we incorporated a
mixed H2O/H2 envelope, since supercritical H2O is expected to be fully miscible in H2

across a wide range of pressure and temperature conditions (e.g. Soubiran and Militzer,
2015; Gupta et al., 2025). Mini-Neptune scenarios are shown to be possible for H2O
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mass fractions below those those required for hycean conditions. Finally, we explore
gas dwarf scenarios, lacking a significant mass fraction of H2O. We find the possible
envelope mass fractions to be 1 − 5%, with surface conditions ∼ 104 − 105 bar, across
our envelope P -T profiles.

The bulk parameters and atmospheric properties of TOI-270 d allow for a wide
range of interior compositions given the current uncertainties. Further observations are
required to refine the atmospheric abundances, in addition to future theoretical and
experimental work to aid the coupling of the atmosphere and interior of this planet.

5.4 Directions for Future Work

Arguably the largest source of uncertainty in internal structure modelling is the
choice of equations of state for the different planetary materials, and their associated
phase behaviour. This is particularly acute for high-pressures, for instance the phase
boundaries and EOS for different phases of high-pressure ice remain relatively uncertain
(e.g. Huang et al., 2022). We have throughout this thesis assumed pure H2O ices. It
may in future be beneficial to consider the effect of more complex compositions on
the internal structure of sub-Neptunes, as has been considered in the context of solar
system ice giants (e.g. Lee and Scandolo, 2011; Bethkenhagen et al., 2017) and icy
moons (e.g. Journaux et al., 2017, 2020b). This could include methane hydrates, which
have been studied for the ice giants (e.g. Schaack et al., 2019).

At sufficiently high pressures and temperatures, chemical species may become
completely miscible, such that there is no distinct surface. Recently, Gupta et al.
(2025) calculated the critical curve for H2O/H2 de-mixing in pressure-temperature-
composition space, where composition is described through the hydrogen mole fraction.
In Chapter 4 we considered the possibility of a mixed H2O/H2 layer for TOI-270 d in a
mini-Neptune scenario, following previous studies (e.g. Nixon and Madhusudhan, 2021;
Benneke et al., 2024). As more sub-Neptunes are observed, internal structure modelling
of these planets should include the possibility of mixed H2O/H2 layers, depending on
the temperature structure. This could be an important effect for inter-comparisons
between sub-Neptunes across the 250-400 K equilibrium temperature range (Gupta
et al., 2025), and may have significant implications for the inferred compositions of
these planets.

The potential for mixed layers is not limited to hydrogen and water. Vazan
et al. (2022) investigated ice/rock mixing in planetary interiors based on high-pressure
laboratory experiments for peridotite rock (Grove et al., 2006; Melekhova et al., 2007;
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Kessel et al., 2015). The degree of mixing depends on the conditions at formation,
whether the ice and rock are accreted together or sequentially, with ice accreted after
rock. This may result in fully mixed ice/rock layers, a compositional gradient, or fully
differentiated layers. Recent DFT simulations by Kovačević et al. (2022) also showed
that at high pressures (30-120 GPa) MgSiO3 – one component of peridotite – and
water are miscible beyond the melting temperature of MgSiO3. Future work should
incorporate the possibility of these scenarios into internal structure models of water-rich
sub-Neptunes, which may affect the inferred range of possible compositions. Additional
study is required to further investigate the mixing behaviour when Fe is also included
(e.g. as recently considered by Young et al., 2025), in addition to the miscibility of
hydrogen and molten rock – the latter has been investigated by multiple studies (e.g.
Hirschmann et al., 2012; Kite et al., 2019; Young et al., 2024). The miscibility of
molten rock and hydrogen will be relevant to consider in future models of gas dwarf
scenarios. Including the complex phase behaviour of planetary materials can have
substantial effect on the inferred internal structures for these planets, and is important
for the interpretation of their nature.

As we have seen throughout this thesis, there is an acute need for further exper-
imental work to better inform modelling efforts in multiple areas. In Chapter 3 we
discussed the need for improved data on the solubility of different chemical species in
magma at pressures relevant to sub-Neptunes. In particular, the depletion of NH3 has
been suggested to be indicative of a magma ocean on sub-Neptunes (e.g. Shorttle et al.,
2024), however the solubility data for NH3 is lacking. More broadly, considerations
of surface-atmosphere interactions is an emerging and complex area, which requires
both experimental and theoretical work to improve the interpretation of observations.
This includes the atmospheric interactions with a surface water layer. Luu et al. (2024)
considered aqueous geochemistry for a supercritical ocean on K2-18 b, however this was
not propagated to the observable atmosphere using a full photochemical model. Studies
have also considered the solubility of CO2 in super-Earth oceans (e.g. Levi et al., 2017),
which is highly dependent on the pH of the water. Current photochemical modelling of
hycean scenarios (Yu et al., 2021; Hu et al., 2021; Tsai et al., 2021; Madhusudhan et al.,
2023a; Cooke and Madhusudhan, 2024) typically assume the ocean is a sink, however it
may become relevant to consider a surface flux of chemical species to be non-zero and
time-varying. This was recently investigated for biologically produced sulfur species by
Tsai et al. (2024). Further study into the ocean-atmosphere interactions for liquid, and
indeed supercritical, oceans for hydrogen-rich atmospheres is required to ensure the
plausibility of these interior scenarios for these planets based on observations. Coupling



156 Conclusions and Future Work

such models to an internal structure model, analogously to Chapter 3 for gas dwarfs,
may in future be a useful extension to self-consistently assess such scenarios.

Finally, we also note that there remain uncertainties in the atmospheric properties
themselves, which are not entirely well-constrained by current JWST observations.
In future work, the effect that these different uncertain atmospheric properties have
on the inferred interior composition could be explored. For instance, as we saw in
Chapter 4, varying the amount of Rayleigh scattering due to hazes has a profound
impact on the temperature structure deeper in the atmosphere. This, in turn, affects
the phase structure of planetary materials, namely water, in the interior which has
significant impact on the overall nature of the planet.

5.5 Concluding Remarks

The lack of a sub-Neptune in our solar system and the wide diversity of compositions
and structures possible in this regime means that these planets have the potential to
provide a wealth of information about planet formation, evolution and habitability. The
fact that sub-Neptunes are more conducive than smaller, rocky planets to atmospheric
characterisation with JWST has pushed this exciting planetary regime to the forefront
of exoplanet studies. The landscape of the field has changed dramatically over the
course of the last few years since the first exoplanet spectra were obtained with JWST.
In the first year of operation, JWST observations solved the missing methane problem
– the lack of detected methane beyond the solar system – through detections of carbon-
bearing molecules including CH4 in the atmosphere of the temperate sub-Neptune
K2-18 b (Madhusudhan et al., 2023b).

The unprecedented precision of JWST data has provided an incredible window
into the properties, compositions and diversity of exoplanet atmospheres. Given
the now abundant high-precision spectroscopic data, we must now ensure that the
inferences we draw from this data are well-informed. Decoding this data to make
inferences of the planetary interior requires an understanding of the complex relationship
between the observable photosphere, the deeper atmosphere, the surface if present,
and the underlying interior. At each of these steps there are many uncertainties,
stemming from both inherent degeneracies and from the limited data available to
inform modelling efforts. This provides important motivation for future experimental
efforts into multiple areas, including high-pressure equations of state; solubility laws;
photochemical networks; and cross-sections for a wide range of chemical species at
wavelengths relevant to JWST. Atmospheric data provides a promising avenue to
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peer into the interiors of these planets, allowing us to eventually break the interior
compositional degeneracies of sub-Neptunes. In the era of JWST, we are in the best
position yet to understand the nature of this intriguing planetary population.
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Appendix A

Supplementary Information for
Chapter 3

A.1 Availability of Solubility Laws

We first discuss the availability of silicate melt solubility laws for the volatile species
of interest, at the chemical and physical conditions relevant for magma oceans on
temperate sub-Neptunes in the gas dwarf scenario. These findings motivate our choices
for the solubility laws adopted in Chapter 31. We compile a bibliography of the
solubility laws consulted for the preparation of this chapter in Table A.1, and show a
selection of them in Figure A.1. For most composition-dependent laws, we adopt a
basalt composition for the melt – specifically, when a law explicitly depends on melt
composition parameters, we set these to the values corresponding to the Mt Etna
basalt from Iacono-Marziano et al. (2012). This choice is due to the wide availability
of solubility laws for basaltic melt, and the association of basalt with peridotite, which
we adopt as the mantle composition in the internal structure modelling.

A.1.1 Nitrogen Species

The solubility of N2 has been explored for a wide range of parameters (e.g., Libourel
et al., 2003; Miyazaki et al., 2004; Roskosz et al., 2013; Mallik et al., 2018; Boulliung
et al., 2020; Bernadou et al., 2021; Gao et al., 2022), at pressures up to 14.8 GPa
and temperatures up to 2800 K (Roskosz et al., 2013). By compiling the available
data at P ≤ 8.2 GPa and adding their own measurements, Dasgupta et al. (2022)
proposed the solubility law which we use in our calculations. However, this law does

1This chapter and these relevant appendices are adapted from Rigby et al. (2024).
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not appear to extrapolate well at higher pressures and moderately reduced conditions
(fO2 ∼ IW − 2). As warned by Dasgupta et al. (2022), experimental data indicate the
solubility seems to reach a plateau, while the law predicts solubility to monotonically
increase with pressure. A direct comparison with the data points of Roskosz et al.
(2013) at 10 GPa and 14.8 GPa reveals a true solubility ∼1 order of magnitude lower
than predicted using the Dasgupta et al. (2022) law for pure nitrogen vapour. At the
extremely reduced conditions explored in Chapter 3, the plateau effect is expected to
already be significant at lower pressures (Dasgupta et al., 2022).

It is also noteworthy that Gao et al. (2022) – whose data was included in the
Dasgupta et al. (2022) dataset – find some indication of a decrease in the physical
solubility of N2 already at 8 GPa. Physical solubility is expected to be the dominant
solubility mechanism at the oxidized conditions explored by Gao et al. (2022), as
opposed to the chemical solubility relevant at reduced conditions (Libourel et al., 2003).
Nevertheless, as the relevant quantity is not the total pressure but rather the nitrogen
partial pressure, we believe that the Dasgupta et al. (2022) law remains a reasonably
good approximation even at the reducing, high-pressure conditions at the magma-
atmosphere interface, given that the expected N2 mixing ratio in the atmosphere is
≲ 10−4 in the present models.

The lack of data or simulations for the solubility of NH3 in silicate melt leads us to
neglect it, with the caveat that this will lead to our calculations setting only an upper
limit on the abundance of N-bearing species in the atmosphere.

A.1.2 Carbon Species

Of the three prominent carbon species (CO2, CO, CH4), CO2 is by far the one for which
the most complete experimental data on solubility in magma is available (e.g. Pan et al.,
1991; Dixon et al., 1995; Papale et al., 2006; Iacono-Marziano et al., 2012). Considering
this wide dataset, for the case of T = 2273 K and a bulk silicate Earth (BSE) melt
composition, Suer et al. (2023) find that the solubility of CO2 is well-approximated by
Henry’s Law, which they fit to the data. The law of Suer et al. (2023) is in excellent
agreement with high pressure (P ≥ 8 GPa) molecular dynamics simulations by Guillot
and Sator (2011) for the T = 2273 K and rhyolite case, and is in good agreement with
the corresponding mid-ocean ridge basalt (MORB) case. Interestingly, the agreement
is slightly worse with the kimberlite melt case, where instead the melt is closest to the
BSE composition.

At lower pressures, the agreement with the simulations is worse, but still within
a factor of order unity. In any case, the agreement between Suer et al. (2023)’s law



A.1 Availability of Solubility Laws 195

and Guillot and Sator (2011)’s simulations is always satisfactory, which also highlights
the weak dependence of the solubility of CO2 on the melt composition, particularly at
P ≤ 8 GPa (Guillot and Sator, 2011). Despite the fact that the Suer et al. (2023) law
is intended for lower temperatures than those relevant in this chapter, due to the lack
of more appropriate alternatives we adopt it in our calculations.

For CO, there is a lack of solubility data at high pressure and temperature. Solubility
laws are provided by, e.g., Armstrong et al. (2015) and Yoshioka et al. (2019) (for
both MORB and rhyolite melts), both of which carried out experiments at P ∼ 1 GPa
and T ∼ 1500◦C. The lack of data may be explained by the fact that exploring the
solubility of CO at high pressures is especially complicated because the 2CO = C +
CO2 reaction gets skewed to the right as pressure grows, making an initially pure CO
vapour spontaneously become mostly CO2 at P ≳ 1 GPa (Yoshioka et al., 2019).

An alternative prescription, as used by Schlichting and Young (2022), informed
by Hirschmann (2016), is to set the solubility of CO to be one third of that of CO2.
This method, taking the Suer et al. (2023) BSE law for the CO2 solubility, yields a
CO solubility significantly higher than any of the other laws mentioned so far. This
might be due to Suer et al. (2023)’s law being tested for different temperatures and
melt compositions. However, this seems unlikely: the solubility of CO is only weakly
dependent on temperature (Yoshioka et al., 2019), although Yoshioka et al. (2019)’s
two laws for MORB and rhyolite yield results less than an order of magnitude apart.
This indicates a comparatively weak dependence of solubility on melt composition,
while Schlichting and Young (2022)’s prescription applied to Suer et al. (2023)’s law
results in a solubility between 1 and 2 orders of magnitude higher, depending on the
pressure.

Ultimately, we use the Yoshioka et al. (2019) MORB law in our calculations, due to
it being more recent and calibrated at higher pressures than Armstrong et al. (2015).

The data on CH4 seems to be even sparser: we encountered only one in the literature
from Ardia et al. (2013), which we use in this work. This solubility law results from
experiments at 0.7 ≤ P ≤ 3 GPa and 1400 ≤ T ≤ 1450◦C, and the Henry’s Law fit to
their data by Lichtenberg et al. (2021) – indeed, the law by Ardia et al. (2013) follows
Henry’s law for total pressures P ≲ 104 bar (at T = 3000 K, regardless of the CH4

partial pressure).
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A.1.3 Other Volatiles

The other major volatiles of note are expected to be sulfur species, water, and H2.
Helium is also expected, however as a noble gas it has no impact on the atmospheric
chemistry.

Chemical equilibrium calculations indicate that, at conditions relevant to the
magma-atmosphere interface, sulfur will be mostly in H2S, with little S2. For S2 we
use the law by Gaillard et al. (2022). It should be noted that this law is calibrated
only with data collected at atmospheric pressure, relatively low temperature (T ≤ 1673
K), and not very reducing conditions (∆IW ≥ −1). As such, its extrapolation to the
extreme conditions explored in this paper should be considered only as a zeroth-order
estimate of the true solubility. No significant high-pressure/high-temperature data to
compare with the Gaillard et al. (2022) predictions were found, the Woodland et al.
(2019) high-pressure data being for a carbonate-silicate melt.

For H2S, we found two laws in the literature, by Clemente et al. (2004) for rhyolite
and by Lesne et al. (2015) for basaltic melts. The former is calibrated for 1073 ≤
T ≤ 1273 K and P = 2 × 103 bar, while the latter for 1323 ≤ T ≤ 1473 K and
250 ≤ P ≤ 2 × 103 bar. The two laws differ significantly in their temperature
dependence: Clemente et al. (2004) find that the solubility of H2S moderately increases
with increasing temperature, while the law by Lesne et al. (2015) indicates an extremely
strong and negative temperature dependence. Furthermore, Lesne et al. (2015) include
a dependence on the mole fraction of FeO in the magma, while the law by Clemente
et al. (2004) only depends on thermodynamic parameters. However, when extrapolated
to high temperature (T ∼ 3000 K) and pressure (P ∼ 105 bar), both laws predict
negligibly small solubility for H2S at the expected mixing ratios (shown in Figure 3.7).
Hence, we do not expect the results of our investigation to be noticeably impacted by
the choice of one law over the other. In this work, we use the law by Clemente et al.
(2004).

For H2, the law most used in the literature is by Hirschmann et al. (2012), who
carry out experiments at 0.7 ≤ P ≤ 3 GPa and 1400 ≤ T ≤ 1500◦C, and give two
expressions, for basaltic and andesitic melt. Their law for basaltic melt is in excellent
agreement with that given by Suer et al. (2023) for BSE melt up to P ∼ 1 GPa, and so
is, to a slightly lesser extent, their andesitic melt law. However, they diverge at higher
pressures, with Suer et al. (2023) predicting Henrian behaviour to arbitrary pressure,
while Hirschmann et al. (2012) predict a decline in solubility as pressure increases,
consistently with their experimental results. As the laws given in Hirschmann et al.
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(2012) have a robust high-pressure experimental background, we use their basaltic melt
case.

For H2O, there is a great deal of experimental data on the solubility in silicate
melts (e.g., Stolper, 1982; Silver et al., 1990; Moore et al., 1995; Dixon et al., 1995;
Papale et al., 2006; Iacono-Marziano et al., 2012; Sossi et al., 2023), a complete review
of which is beyond the scope of this work. We focus here on two solubility laws: Sossi
et al. (2023), the most recent law available, and Iacono-Marziano et al. (2012), which
is the one we choose to implement in our study. Sossi et al. (2023) provide two slightly
different estimates depending on the value of the molar absorption coefficient ϵ3550,
each depending linearly on the square roots of the atmospheric fugacities of both water
and molecular hydrogen. These are the result of experiments carried out at very low
pressure (P = 1 atm) and high temperature (T = 2173 K).

Higher-pressure experiments are carried out in Iacono-Marziano et al. (2012), who
also propose a solubility law. This is calibrated using a vast but low-temperature
experimental database (102 ≤ P ≤ 104 bar, 1100 ≤ T ≤ 1400◦C), which is in rough
agreement with that of Sossi et al. (2023) for an H2-rich envelope. However, the fact
that the Sossi et al. (2023) law depends on a linear combination of the square roots of
the fugacities of both H2 and H2O risks breaking element conservation for oxygen. It
would predict some dissolved O in the magma even if no O is present – in any species
– in the initial atmospheric composition. This effect is expected to be particularly
relevant at the very reduced conditions explored here, where the abundance of O is
expected to be low.

We thus consider extrapolating the law of Iacono-Marziano et al. (2012) to higher
temperatures to be a more accurate prescription than extrapolating that by Sossi et al.
(2023) to high pressures. We do so assuming an Etna basalt composition for the melt.
This choice is also consistent with that in Gaillard et al. (2022).

A.1.4 Summary

Data on solubility in silicate melt are available at some conditions for several species
of interest, with the one exception being NH3, for which we were unable to find any
solubility laws. We list the bibliography on solubility laws and/or data points we have
explored for this study in Table A.1, and we show a selection of them in Figure A.1.
The scenario explored in Chapter 3, for magma oceans on temperate gas dwarf sub-
Neptunes, is extreme in three ways: it leads to high temperatures (T ≳ 2500 K), high
pressures (P ≳ 105 bar), and very reduced melts compared to Earth (∆IW ≲ −5).
There is no data for any species at such conditions in all three ways. Only for N2 does
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Species Reference Temperature (K) Pressure (bar)
Dasgupta et al. (2022) 1323 ≤ T ≤ 2700 1 ≤ P ≤ 8.2 × 104

Gao et al. (2022) 1473 ≤ T ≤ 1873 3 × 103 ≤ P ≤ 8 × 104

Bernadou et al. (2021) 1473 ≤ T ≤ 1573 8 × 102 ≤ P ≤ 104

N2 Boulliung et al. (2020) T = 1698 P = 1
Mallik et al. (2018) 1323 ≤ T ≤ 1573 2 × 104 ≤ P ≤ 4 × 104

Roskosz et al. (2013) 2500 ≤ T ≤ 2800 1.8 × 104 ≤ P ≤ 1.48 × 105

Miyazaki et al. (2004) 1573 ≤ T ≤ 1823 1 ≤ P ≤ 2 × 103

Libourel et al. (2003) 1673 ≤ T ≤ 1698 P = 1
Suer et al. (2023) T = 2273 1 ≤ P ≤ 102

CO2 Guillot and Sator (2011)a 1473 ≤ T ≤ 2273 103 ≤ P ≤ 1.5 × 105

Pan et al. (1991) 1443 ≤ T ≤ 1873 103 ≤ P ≤ 1.5 × 104

CO2 & Iacono-Marziano et al. (2012) 1373 ≤ T ≤ 1673 102 ≤ P ≤ 104

H2O Papale et al. (2006) 1073 ≤ T ≤ 1973 191 ≤ P ≤ 3.5 × 104

Dixon et al. (1995) T = 1473 2.01 × 102 ≤ P ≤ 9.8 × 102

Sossi et al. (2023) T = 2173 P = 1
H2O Moore et al. (1995) 973 ≤ T ≤ 1473 1 ≤ P ≤ 2 × 103

Silver et al. (1990) 1123 ≤ T ≤ 1723 49 ≤ P ≤ 2 × 104

CO Yoshioka et al. (2019) 1473 ≤ T ≤ 1873 2.08 × 103 ≤ P ≤ 3 × 104

Armstrong et al. (2015) T = 1673 P = 1.2 × 104

CH4 Ardia et al. (2013) 1673 ≤ T ≤ 1723 7 × 103 ≤ P ≤ 3 × 104

Boulliung and Wood (2023) 1473 ≤ T ≤ 1773 P = 1
S2 Gaillard et al. (2022)b 1073 ≤ T ≤ 1673 P = 1

Woodland et al. (2019)c 1673 ≤ T ≤ 1873 5 × 104 ≤ P ≤ 1.05 × 105

O’Neill and Mavrogenes (2002) T = 1673 P = 1
H2S Lesne et al. (2015) 1323 ≤ T ≤ 1473 250 ≤ P ≤ 2 × 103

H2S & Clemente et al. (2004) 1073 ≤ T ≤ 1273 P = 2 × 103

SO2

H2 Hirschmann et al. (2012) 1673 ≤ T ≤ 1773 7 × 103 ≤ P ≤ 3 × 104

Table A.1 Sources of solubility data and laws considered in Chapter 3. The (total)
pressure and temperature ranges indicated are those corresponding to the experiments
carried out in the respective studies, or, if the studies calibrate a solubility law based
on data from previous works, the range spanned by those.
a: Molecular dynamics simulation.
b: Gaillard et al. (2022) state that their law is calibrated against data obtained with
gas at a pressure of one atmosphere. However, they refer to Zajacz et al. (2013), whose
experiments were carried out at 200 MPa.
c: For carbonate-silicate melt.
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Fig. A.1 Behaviour of selected solubility laws in silicate melt for some prominent
molecules. Solid blue lines indicate the laws used in this study. All temperature-
dependent laws are shown here for T = 3000 K; the ∆IW-dependent N2 and S2 laws
are shown for ∆IW = −6.4; all laws with free composition-dependent parameters are
shown for the Mt. Etna basalt composition (Iacono-Marziano et al., 2012). For H2O,
we label as (a) the law given in Sossi et al. (2023) for ϵ3550 = 6.3 m2/mol, and as (b)
that for ϵ3550 = 5.1 m2/mol. The mixing ratio of each species, informed by Section 3.4.3,
is indicated in the title of the respective subplot; the x-axis indicates total pressure.
The gases are treated ideally, i.e. we take the fugacity of each species’ to be equal to
its partial pressure. We do not plot the CH4 solubility, for which Ardia et al. (2013) –
whose law we use – predicts a much lower value than the other carbon-bearing species,
nor the solubility of H2S, for which both Clemente et al. (2004) and Lesne et al. (2015)
predict much lower solubility than for S2
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data at both very high temperature and pressure exists, but for relatively oxidised
conditions (Roskosz et al., 2013). High-pressure (P ≥ 105 bar) simulations exist for
CO2, but only at T ≤ 2273 K. For S2, for a co-existing fluid phase, high-pressure data
only exists at low temperature, and only for carbonate-silicate melt (Woodland et al.,
2019). All other species seem to lack high-pressure data.

Exploring this region of the parameter space, either experimentally or through
simulations, will be crucial for improving our understanding of potential magma oceans
in sub-Neptunes, and our ability to lift observational degeneracies with other possible
internal structures.

A.2 Sensitivity to Atmospheric Parameters

As described in Section 3.4.5, we explore a range of values for three key atmospheric
parameters that could influence the observable composition: the metallicity, the eddy
diffusion coefficient Kzz, and the internal temperature Tint. Our canonical cases, shown
in Figure 3.8, correspond to P -T profiles C2 and C3 with median metallicity of 50×
solar, with and without elemental depletion respectively, and Kzz of 106 cm2s−1 in the
deep atmosphere. We investigate if a higher metallicity, a broader range of Kzz values
and/or a higher Tint could better match the observed abundances than our canonical
cases, for example with higher CO2 abundance. We therefore consider models with
higher metallicities of 100× solar and 300× solar, and two end-member scenarios of
104 cm2s−1 and 108 cm2s−1 for Kzz in the deep, convective region. We also consider
the effect of using a higher value of Tint of 60 K, as previously considered by Hu (2021).
Disequilibrium effects due to photochemistry and vertical mixing are included in all
cases discussed here.

We start with investigating departures from the canonical C2 case, as shown in
Figure 3.8. We first fix the Kzz profile to that used in the canonical case and vary the
metallicity as described above. The resulting vertical mixing ratio profiles are shown
in Figure A.2, along with those for 50× metallicity from Figure 3.8 for comparison.
For both the 100× and 300× solar cases, the abundance of CO2 remains lower than
that of CO throughout the atmosphere, as for the 50× solar case. Similarly, the CO2

and NH3 abundances are inconsistent with the retrieved values in the photosphere,
between ∼0.01-10 mbar, in all cases. Additionally, the CH4 abundance for 300× solar
metallicity is higher than the retrieved abundance.

Next we consider a range of Kzz values in the deep atmosphere, using the C2 P -T
profile. We vary Kzz at P > 0.5 bar from 104 to 108 cm2s−1, with our canonical
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Fig. A.2 Effect of enhanced metallicity on the vertical mixing ratio profiles for several
H-C-O-N-S molecular species with the C2 P -T profile. Dotted lines show the profile
from the left-hand side of Figure 3.8, for C2 with 30% silicates, equivalent to 50× solar
elemental abundances. Left: solid lines indicate the corresponding profiles for 100×
solar metallicity. Right: solid lines indicate the corresponding profiles for 300× solar
metallicity.

value at 106 cm2s−1. The metallicity remains fixed at the canonical value of 50× solar.
As shown in Figure A.3, both the higher and lower Kzz values negligibly affect the
computed mixing ratios at observable pressures. Increasing Kzz shifts the quench
point to higher (deeper) pressures, as shown by the mixing ratio profile for CO2 in the
right-hand panel of Figure A.3.

We now consider the hotter P -T profile case with NH3 depletion due to magma;
this is the C3 profile with 30% silicates, as discussed above. The higher metallicities
of 100× and 300× solar are implemented by proportionately enhancing the canonical
elemental abundances for this case. These originally corresponded to 50× solar, hence
we increase the relevant elemental abundances in Table 3.1 by factors of 2 and 6,
respectively. The results are shown in Figure A.4. As for the C2 profile, the predicted
CO2 abundance remains significantly below the retrieved value in both cases, with
the CO mixing ratio exceeding that of CO2 throughout the atmosphere. The CH4

abundance for 300× solar metallicity is additionally too high compared to the retrieved
abundance.

As an end-member case, we consider each of the C2 and C3 profiles discussed above
and adopt our extreme values of 300×solar metallicity and Kzz = 108 cm2s−1 in the
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Fig. A.3 Effect of varying Kzz on the vertical mixing ratio profiles for several H-C-O-
N-S molecular species for the C2 P -T profile. Dotted lines show the profile from the
left-hand side of Figure 3.8, for C2 with 30% silicates, equivalent to 50× solar elemental
abundances with our canonical treatment of Kzz, with a value of 106 cm2s−1 in the
deep atmosphere. Left: solid lines indicate the corresponding profiles with a lower
Kzz = 104 cm2s−1 in the deep atmosphere. Right: solid lines indicate the corresponding
profiles with a higher Kzz = 108 cm2s−1 in the deep atmosphere.

deep atmosphere. The resulting vertical mixing ratio profiles are shown in Figure A.5
along with the canonical cases. These end-member cases are similarly unable to match
the retrieved CO2 abundance constraints. A higher Kzz would further increase the
abundances of both CO and CO2, however CO remains more abundant than CO2.

Thus far we have considered values of 25 K and 50 K for Tint, corresponding the C2
and C3 profiles, respectively. Lastly, we explore the effect of increasing Tint to a higher
value of 60 K for completeness, as has been considered by other works for K2-18 b
(e.g. Hu, 2021). We adopt the P -T profile of Hu (2021) with 100× solar metallicity,
extrapolated to higher pressures (1000 bar) using an adiabat. We consider two cases: 1)
100× solar metallicity with depletion (i.e. twice the C3 30% silicates abundances from
Table 3.1) and our canonical Kzz treatment, and 2) a high Kzz = 108 cm2s−1 and a high
metallicity of 300× solar (i.e. 6× the C3 30% silicates abundances). With the canonical
Kzz, we find that the computed CO abundance exceeds the retrieved upper limit, while
the computed CO2 abundance remains significantly lower than the retrieved abundance.
The retrieved CH4 abundance and NH3 upper limits can be explained by this model.
For the high Kzz and high metallicity case, the computed CO abundance similarly



A.2 Sensitivity to Atmospheric Parameters 203

Fig. A.4 Effect of enhanced metallicity on the vertical mixing ratio profiles for several
H-C-O-N-S molecular species with the C3 P -T profile. Dotted lines show the profile
from the right-hand side of Figure 3.8, for C3 with 30% silicates, with N depletion
due to the presence of magma. Left: solid lines indicate the corresponding profiles for
100× solar metallicity, i.e. 2× the respective elemental abundances given in Table 3.1.
Right: solid lines indicate the corresponding profiles for 300× solar metallicity, i.e. 6×
the respective elemental abundances in Table 3.1.

exceeds the retrieved abundance. In this case the retrieved CO2 abundance can be
explained by the model. However, the computed CH4 abundance exceeds the retrieved
value. Due to the higher temperatures in this P -T profile, the H2O abundance exceeds
the retrieved value for both cases of metallicity and Kzz considered.

Overall, we have explored a wide parameter space for the atmospheric chemistry,
considering a range of values for Kzz, metallicity and Tint. In this exploration, we do
not find a case resulting in CO2 > CO that would satisfy the retrieved atmospheric
abundance constraints for K2-18 b (Madhusudhan et al., 2023b).
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Fig. A.5 Effect of high metallicity and high Kzz on the vertical mixing ratio profiles for
several H-C-O-N-S molecular species. Dotted lines show the canonical profiles from
Figure 3.8. Left: solid lines indicate the profiles with the C2 P -T profile with 300×
solar abundance and Kzz = 108 cm2s−1 in the deep atmosphere. Right: solid lines
indicate the profiles with the C3 P -T profile with 6× the elemental abundances from
Table 3.1, i.e. equivalent to 300× solar abundance, and Kzz = 108 cm2s−1 in the deep
atmosphere.

Fig. A.6 Effect of higher Tint on the vertical mixing ratio profiles for several H-C-O-N-S
molecular species. We adopt the P -T profile from Hu (2021) with Tint of 60 K and
100× solar metallicity, extrapolated to 1000 bar. Dotted lines show the canonical
profiles using the hotter C3 profile from Figure 3.8. Left: solid lines indicate profiles
assuming 100× solar metallicity including N depletion, adopting Kzz = 106 cm2s−1 in
the deep atmosphere, for the Hu (2021) P -T profile. Right: solid lines indicate profiles
assuming 300× solar metallicity including N depletion, adopting Kzz = 108 cm2s−1 in
the deep atmosphere, for the Hu (2021) P -T profile.
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