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ABSTRACT

Sub-Neptunes are the most common type of detected exoplanet, yet their observed masses and radii are degenerate with
several interior structures. One possibility is that sub-Neptunes have silicate/iron interiors and H,-dominated atmospheres
(n < 3.8g mol™), i.e., they are ‘gas dwarfs’. If gas dwarfs have molten interiors, interactions between their magma
oceans and atmospheres will produce distinct observational signatures. These signatures may break the degeneracy in
interior structure, while providing insight into their interior processes, history, and population trends. We expect all such
planets are born molten, but under what conditions do they remain molten today? We use the coupled interior-climate
evolution model, PROTEUS, to estimate the ‘solidification shoreline’: the instellation flux boundary (as a function of stellar
Tege) that separates molten gas dwarfs from solidified ones. Our results show that 98 per cent of detected sub-Neptunes
occupy a region of parameter space consistent with their having permanent magma oceans, if they are gas dwarfs. While
mantle fO, and bulk volatile C/H ratio both influence magma ocean cooling, planets with oxidizing mantles and carbon-
rich atmospheres are likely to have high mean-molecular weight atmospheres (1 > 3.8 g mol~!) and are thus outside the
scope of this study. Therefore, most detected sub-Neptunes, if they are gas dwarfs, have permanent magma oceans. This
result motivates further research into the interactions between molten interiors and overlying atmospheres, and campaigns
to identify unambiguous signatures of these interactions.

Key words: planets and satellites: atmospheres — planets and satellites: composition — planets and satellites: interiors —
planets and satellites: physical evolution - planets and satellites: surfaces — planets and satellites: terrestrial planets.

et al. 2025). Furthermore, the upcoming Planetary Transits and

1 INTRODUCTION Oscillations of Stars (PLATO) mission is expected to detect several

Exoplanets in the sub-Neptune regime (1.8 Ry <R<4Rg; B. J.
Fulton et al. 2017) are at the forefront of exoplanet research,
with no analogue in our Solar system. The Kepler survey has
revealed that they are the most common type of discovered ex-
oplanet (A. W. Howard et al. 2012; S. E. Thompson et al. 2018;
D. C. Hsu et al. 2019), so their study is essential for a unified
theory of planetary formation and evolution. With the launch
of the James Webb Space Telescope (JWST) and the upcoming
launch of Ariel (Q. Changeat et al. 2025), detailed atmospheric
characterization of sub-Neptunes via transmission spectroscopy
is now possible. Recent JWST observations of sub-Neptunes have
detected molecules such as H,0, CO,, and CH, at confidence
levels ranging from 30 to 50 (N. Madhusudhan et al. 2023; B. Ben-
neke et al. 2024; M. Holmberg & N. Madhusudhan 2024; R. Hu
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hundred sub-Neptunes that are ideal for follow-up observations
with JWST and Ariel (H. Rauer et al. 2025). Therefore, the study
of sub-Neptunes is one of the most important and timely areas of
research in planetary science.

One of the key challenges in the study of sub-Neptunes is
unveiling the nature of their interior structures, given that their
observed masses and radii are consistent with both volatile-rich
and volatile-poor scenarios on a population level (A. R. Howe,
A. Burrows & W. Verne 2014; J. G. Rogers, H. E. Schlichting &
J. E. Owen 2023; L. Parc et al. 2024). Two possible hypotheses
for their interior structures, among others, are the ‘Gas Dwarf’
and ‘Water World’ hypotheses. Gas dwarfs are expected to have
iron-silicate interiors and H,-dominated envelopes (© < 3.8g
mol~1) constituting 0.1-10 per cent of the total planetary mass
(A. Wolfgang & E. Lopez 2015; S. Ginzburg, H. E. Schlichting &
R. Sari 2016; Y. Tang et al. 2024), and water worlds are expected to
have H,O mass-fractions of 10-50 per cent (L. Zeng et al. 2019; J.
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Venturini et al. 2020; E. J. Lee & N. J. Connors 2021; R. Luque &
E. Pallé 2022; R. Burn et al. 2024) (see Table 2 and Section 2.2
for our explicit definitions of the terms ‘gas dwarf’ and ‘water
world’). The degeneracy between gas dwarfs and water worlds is
made more pressing by the fact that a hypothesized sub-set of the
water world population, ‘hycean worlds’ (N. Madhusudhan, A. A.
A. Piette & S. Constantinou 2021; F. E. Rigby & N. Madhusudhan
2024), have been suggested to have habitable surface conditions.
This possibility has been argued with claims of potential biosig-
nature detections in the atmosphere of a candidate hycean world
(N. Madhusudhan et al. 2023, 2025; L. Pica-Ciamarra et al. 2025).
Therefore, a framework for constraining the thermal, composi-
tional and structural make-up of sub-Neptunes is essential not
only for a comprehensive understanding of planet formation and
evolution, but also for refining the bounds on where habitable
conditions may be found in the Universe (T. Lichtenberg et al.
2025).

One method for discriminating between gas dwarfs and water
worlds is through observations of their upper-atmospheric chem-
istry via transmission spectroscopy. This is done by searching
for observational signatures of specific molecules in the atmo-
spheres of sub-Neptunes (S. Constantinou & N. Madhusudhan
2022; N. Madhusudhan et al. 2023; B. Benneke et al. 2024), and
comparing these observations with models that relate their up-
per atmospheric chemistry to their composition, structure and
climate state (G. J. Cooke & N. Madhusudhan 2024; F. E. Rigby
et al. 2024; O. Shorttle et al. 2024; N. F. Wogan et al. 2024). For
example, it has been suggested that a lack of NHj, alongside a
detection of CO, and CHy, in a sub-Neptune atmosphere is evi-
dence of the presence of a liquid water ocean (N. Madhusudhan
et al. 2021, 2023; R. Hu et al. 2025), the argument being that the
dissolution of NHj; in a liquid-water ocean is the only explanation
for its absence alongside CO, and CH,. However, it has also been
suggested that if a gas dwarf were to instead have a magma ocean
in contact with its atmosphere, this would also act as a solvent for
N-bearing species, complicating the use of an NH; non-detection
alone to discriminate between the hycean worlds and gas dwarfs
(O. Shorttle et al. 2024; C. R. Glein, X. Yu & C. N. Luu 2025). This
means that there is an observational degeneracy between hycean
worlds and gas dwarfs with magma oceans.

As well as being observationally degenerate with other struc-
tural scenarios for sub-Neptunes, if gas dwarfs were to have sur-
face magma oceans, these magma oceans could offer valuable
insights into the interior composition and population statistics of
sub-Neptunes. For example, if an H,-dominated atmosphere is
in contact with a magma ocean, then it will interact chemically
with volatiles dissolved in the magma (L. Schaefer & B. Fegley
2017; E. S. Kite et al. 2019; M. Tian & K. Heng 2024; H. Horn et
al. 2025; F. Miozzi et al. 2025). Studies have shown that the re-
sulting atmospheric composition will be strongly affected by the
oxidation state as well as the volatile content of the magma ocean,
potentially allowing us to constrain the interior redox conditions
of gas dwarfs via transmission spectroscopy (F. E. Rigby et al.
2024; O. Shorttle et al. 2024; D. J. Bower et al. 2025) and emission
spectroscopy (H. Nicholls et al. 2025b). Also, the underabundance
of sub-Neptunes with R> 3 Rg could be a consequence of the
reduction of sub-Neptune radii due to the dissolution of H, in
magma oceans (E. S. Kite et al. 2020). Given the implications
magma oceans have for the climate, habitability, and atmospheric
compositions of gas dwarfs, it is pertinent to ask: how common
are magma oceans on gas dwarfs? While all gas dwarfs are ex-
pected to have magma oceans at the point of formation, due to the
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heat from accretion, a sub-set of the population may experience
surface heating rates sufficient to remain molten permanently,
rather than solidifying. Therefore, the key issue is identifying the
fraction of the gas dwarf population that have permanent magma
oceans.

Determining the fraction of gas dwarfs with molten surfaces
requires accurate modelling of their climate and the heat trans-
port within their silicate interiors. Given that gas dwarfs have
atmospheric mass fractions much larger than those expected for
Earth-sized planets, the greenhouse effect in these atmospheres is
expected to produce surface temperatures far exceeding those of
Earth-sized planets. This would lead to molten surfaces at instel-
lation fluxes lower than those required to induce molten surfaces
on Earth-sized planets (T. Lichtenberg et al. 2021; H. Innes, S.-
M. Tsai & R. T. Pierrehumbert 2023; F. E. Rigby et al. 2024; Y.
Tang et al. 2024). Volatile exchange between the magma and the
atmosphere sets the chemical composition of the atmosphere (L.
Schaefer & B. Fegley 2017; E. S. Kite et al. 2019; F. E. Rigby et al.
2024; O. Shorttle et al. 2024; M. Tian & K. Heng 2024), which
affects the greenhouse heating of the surface (T. Lichtenberg et al.
2021; 1. D. Boer, H. Nicholls & T. Lichtenberg 2025), which in turn
affects the surface melt-state. Moreover, even if sub-Neptunes
start out in a molten state and solidify over time, this cooling
is expected to occur over gigayear time-scales (A. Vazan et al.
2018; Y. Tang et al. 2024). The magnitude of these cooling time-
scales implies that many sub-Neptunes may be young enough
(J. L. Bean, S. N. Raymond & J. E. Owen 2021; A. Sandoval, G.
Contardo & T. J. David 2021) such that they still have magma
oceans today, even if they will eventually solidify. The variety
of processes that affect the cooling of magma oceans suggests
that the question of whether gas dwarfs will remain permanently
molten will vary considerably across the population, implying
that answering this question on a population level is challenging.

However, while there are many complex physical and chemical
processes that can influence the cooling of magma oceans on
planets in general, there are constraints imposed by the gas dwarf
hypothesis that limit the extent to which these processes can vary
across this sub-population. For example, the gas dwarf hypothesis
requires that the planetary atmosphere is H,-dominated, which
limits the extent to which the atmospheric composition can vary,
and thus the effect of composition on surface heating. For this
reason, it is reasonable to assume that, to first order, the question
of whether gas dwarfs as a population will remain permanently
molten will be determined by their instellation flux and envelope
mass fraction. These limitations imposed by the gas dwarf hy-
pothesis allow us to define a ‘solidification shoreline’ that divides
this parameter space into a region where gas dwarfs are expected
to solidify and a region where they are expected to remain per-
manently molten, similar to concepts such as the habitable zone
(S.-S. Huang 1960; J. F. Kasting, D. P. Whitmire & R. T. Reynolds
1993; R. K. Kopparapu et al. 2013; M. Turbet et al. 2023) and the
cosmic shoreline (K. J. Zahnle & D. C. Catling 2017; J. Lustig-
Yaeger, V. S. Meadows & A. P. Lincowski 2019; S. E. Moran et al.
2023; R. D. Chatterjee & R. T. Pierrehumbert 2026). Nevertheless,
it is still necessary to explore the effect of atmospheric compo-
sition, and other parameters, on the location of this shoreline.
This requires coupling of the evolution of the rocky interior, the
climate, and atmospheric chemistry of sub-Neptunes.

Previous studies modelling the behaviour of magma oceans on
gas dwarfs have either lacked the required coupling between the
interior and the atmosphere, or have not considered their time-
dependent evolution (C. Huang, D. R. Rice & J. H. Steffen 2022; F.



E. Rigby et al. 2024; O. Shorttle et al. 2024; B. Breza, M. C. Nixon
& E. M. R. Kempton 2025; M. C. Nixon et al. 2025). Progress has
been made to model the thermal evolution of magma oceans on
super-Earths and sub-Neptunes (A. Vazan et al. 2018; M. Herath,
C.-E. Boukaré & N. B. Cowan 2024), and some of these models
couple the evolution of the rocky interior and the atmosphere
(O. R. Lehmer & D. C. Catling 2017; D. Kubyshkina et al. 2020;
Y. Tang et al. 2024). However, none of these models account for
volatile exchange between atmospheres and deep magma oceans,
nor do they estimate what fraction of the sub-Neptune population
has surface magma oceans. B. Breza et al. (2025) estimated the
fraction of sub-Neptunes that may host surface magma oceans
using a static interior structure model. However, as stated in their
work, a thorough investigation of this research question requires
an evolutionary modelling framework.

In this work, we apply a 1D coupled interior-climate evolution
model (T. Lichtenberg et al. 2021; T. Lichtenberg et al. submitted;
H. Nicholls et al. 2024, 2025b) to simulate the thermal, compo-
sitional, and structural evolution of sub-Neptunes, to determine
when a permanent magma ocean is a viable steady state outcome.
We consider a parameter space composed of stellar effective tem-
perature, planet instellation flux, mantle oxygen fugacity, volatile
C/H ratio, and planet mass. In Section 2, we discuss the modelling
framework, PROTEUS, and the empirical scaling relations used
in this study. In Section 3, we report the results of our main
study, where we determine the instellation flux as a function of
stellar effective temperature at which the thermal steady state
of a gas dwarf transitions from a permanent magma ocean to
mantle solidification; i.e., the ‘solidification shoreline’. We also
discuss the evolutionary time-scales resulting from the models
in this study. In Section 4, we show the results of our secondary
parameter studies, where we investigate the sensitivity of the
location of the solidification shoreline to mantle oxygen fugacity,
planet mass, and the C/H ratio of the bulk volatile inventory. In
Section 5, we discuss our results in the context of the population
of observed sub-Neptunes and how the solidification shoreline
might be developed as a metric. We present our conclusions in
Section 6.

2 METHODS

2.1 Model description

To simulate the thermal evolution of gas dwarfs, we use the
PROTEUS modelling framework (T. Lichtenberg et al. 2021; H.
Nicholls et al. 2024, 2025b). PROTEUS self-consistently simulates
the coupled thermal evolution of a planet’s interior and atmo-
sphere, assuming that the interior starts in a fully molten state.
PROTEUS couples the 1D mantle dynamics model SPIDER with
the 1D radiative-convective climate model AGNI (H. Nicholls,
R. Pierrehumbert & T. Lichtenberg 2025a), while allowing for
volatile exchange between the semi-molten interior and the at-
mosphere. Volatile partitioning is calculated with the CALLIOPE
model, which uses equilibrium gas chemistry and empirical sol-
ubility laws to partition volatiles between the magma and the
atmosphere (T. Lichtenberg et al. 2021; D. J. Bower et al. 2022; H.
Nicholls et al. 2025b). The simulated evolution terminates when
either the planet solidifies or achieves global energetic equilib-
rium between stellar irradiation, internal heat production, and
atmospheric thermal emission to space. This energetic steady
state corresponds to the permanent magma ocean scenario. This
modelling framework allows us to simulate the thermal evolution
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of a gas dwarf self-consistently, allowing for either a solidified
mantle or global energetic equilibrium with a semi-molten inte-
rior as a thermal steady state.

Given the large number of parameters in our model, we specify
these parameters in Table 1, alongside their fiducial values and
our justification for these fiducial values. Also, see Appendix E
for our general sensitivity tests, where we investigate the effects
of varying several of these parameters on the results generated by
PROTEUS.

2.1.1 Mantle evolution module

SPIDER (D. J. Bower, P. Sanan & A. S. Wolf 2018; D. J. Bower
et al. 2022) numerically evolves the 1D profiles of temperature,
specific entropy, melt fraction, and the thermodynamic quantities
of a rocky planet’s mantle as a function of time. It accounts for
convective heat flux, conduction, phase separation, gravitational
settling, and radiogenic heat production. An aggregate viscosity
of the melt and solid material is calculated using the reference
melt and solid viscosities from Y. Abe (1993)

log,4(n) = zlog,,(nm) + (1 — 2)log,,(ns) 1
) =1 (1+tanh <%)), @

where ¢ refers to the melt fraction, ¢, refers to the melt fraction
corresponding to the rheological transition, ¢,, refers to the rhe-
ological transition width, »,, refers to the reference melt viscos-
ity, and 5, refers to the reference solid viscosity. This choice of
rheological transition width and value reflect the experimental
uncertainties in the rheological transition for magma described
in A. Costa et al. (2009). This equation reflects the trend seen in
the semi-empirical model of A. Costa et al. (2009). See Appendix
E for an investigation into the effects of viscosity uncertainties on
our results.

The thermal evolution of the core is not explicitly modelled; it
is treated as a heat reservoir at the bottom of the mantle with a
constant density of 10 738 kg m~3 and a constant heat capacity of
880 J K~ kg1, corresponding to that of a preliminary reference
earth model adjusted for compositional differences (D. J. Bower
et al. 2018). The radius of the core-mantle system is calculated
for a given mass, using an equation of state for pure-MgSiO3
(D. J. Bower et al. 2018). We do not account for the effect of
dissolved volatiles on the mantle density. The core interior-radius
fraction is set to a value equivalent to that of the Earth: 0.55 (K.
Ladders & J. Fegley 1998). For the study in which we vary the
planet mass (Section 4.3), we set the core radius fraction to a value
of 0.7 to avoid numerical issues with the solver. These numerical
issues arise due to high pressures in the deep mantle, where the
thermodynamics and equation of state are poorly constrained
(D. J. Bower et al. 2018). The mantle is assumed to begin its
evolution with an adiabatic pressure-temperature profile and a
surface heat flux of 105 W m~2. The initial entropy is set to 3000
J K7! kg™!. Long-term evolution of small planets is relatively
insensitive to the exact value of initial entropy provided the in-
ternal temperature is fully above the mantle liquidus (L. Schaefer
& B. Fegley 2017; T. Lichtenberg et al. 2021). Orbital evolution
and tidal heating are not included in our model. If strong tidal
heating were expected in the sub-Neptune population, then our
simulations would represent a lower limit on interior heat gen-
eration and therefore provide a conservative estimate of whether
sub-Neptunes are likely to be molten (M. Farhat et al. 2025; H.
Nicholls et al. 2025c).
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Table 2. The criteria used to define ‘Gas Dwarf” and ‘Water World’ in
this work. Any further reference to either of these terms refers to a planet
that fulfils all of the respective criteria. We define these criteria not to
propose definitions that the community should adopt, but to delineate
the parameter space for which our conclusions are valid.

Gas Dwarf Water World
Planet radius (Rg) 1.8<R<4 1.8<R<4
Total H,O mass fraction (per cent) <10 >10
Total C mass fraction (per cent) <10 <10
Total S mass fraction (per cent) <10 <10
Atmospheric mass fraction (per cent) 0.1-10 >10
Mean molecular weight (g mol~1) <3.8 >3.8

Previous theoretical studies assume the existence of a solid,
conductive layer between the surface of a magma ocean and the
atmosphere (T. Lebrun et al. 2013; Y. Ricard 2015; L. Schaefer et
al. 2016), similar to those that form on lava ponds on Earth, that
acts to limit heat transport between the mantle and the atmo-
sphere. As in previous modelling, we implement a parametrized
conductive boundary layer at the mantle-atmosphere interface
(L. T. Elkins-Tanton 2008; H. Nicholls et al. 2024). The tempera-
ture at the topmost layer of the mantle is used to calculate the
temperature at the bottom of the boundary at each time-step,
assuming a boundary layer thickness of 1 cm (see Appendix E for
sensitivity tests for the boundary layer thickness). We also assume
a thermal conductivity of 2 W m~! K~! for this layer, which is the
thermal conductivity of basaltic magma (C. E. Lesher & F. J. Spera
2015). This value will not change significantly within the range of
likely silicate melt compositions C. E. Lesher & F. J. Spera (2015).
Non-silicate melt compositions are outside the scope of this study.

2.1.2 Volatile outgassing module

The surface temperature and mantle melt fraction (by mass) are
then used to determine the chemical composition of the atmo-
sphere using the CALLIOPE equilibrium outgassing model (D. J.
Bower et al. 2022; H. Nicholls et al. 2024; I. D. Boer et al. 2025). In
this work, we use CALLIOPE to solve for the partial pressures of
eight volatile species: H,, H,O, CH4, CO, CO,, O,, NH3, and N,.
Sulphur chemistry is not included due to its negligible impact on
climate in an H,-dominated atmosphere (see Appendix D). We do
not include silicon chemistry because the radiative properties of
major silifcon-bearing species are poorly constrained (Y. Ito et al.
2025), and appreciable silicon in the atmosphere would increase
the mean molecular weight of the atmosphere beyond the gas-
dwarf paradigm we explore (see Section 2.2). We determine the
partial pressures of the volatile species using empirically derived
solubility laws (P. Ardia et al. 2013; L. S. Armstrong et al. 2015;
H. S. C. O'Neill & S. M. Eggins 2002; R. Dasgupta et al. 2022;
F. Gaillard et al. 2022; P. A. Sossi et al. 2023) and equilibrium
thermochemical coefficients (M. W. Chase et al. 1974; M. Chase
et al. 1982) (see Appendix A for the details of the solubility laws).

We specify the following parameters as input to the calculation
of the composition of the outgassed atmosphere: the total mass
of hydrogen in the mantle-atmosphere system (as fraction of the
mantle mass), the C/H and N/H ratios of the bulk volatile inven-
tory, and the oxygen fugacity (fo,) of the near-surface mantle.
The oxygen fugacity is quantified in our model in log-units rela-
tive to the fo, of the iron-wiistite buffer, which is assumed to only
vary with temperature in our model. The oxygen fugacity is calcu-
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lated using equation (23) and the activity coefficient from table 3
in H. S. C. O’Neill & S. M. Eggins (2002). This activity coefficient
was measured by H. S. C. O’Neill & M. I. Pownceby (1993) for
temperatures ranging from 700 to 1433 K at a reference pressure
of 10° Pa (1 bar). Given that surface pressures reach as high as
9 GPa in our simulations, the adopted parametrization of the
iron-wustite buffer may underestimate the oxygen fugacity by up
to 3 units in log-space (R. A. Fischer et al. 2011). This is compara-
ble with empirical uncertainties in the redox-buffer parametriza-
tions themselves. However, our modelling is agnostic to specific
values of fO, since we do not make specific connections with iron
distribution profiles in the mantle. Through our constraints on
studied mean molecular weights, and thus atmospheric compo-
sitions, our results are insensitive to uncertainties in redox-buffer
parametrizations and their pressure-dependencies.

Several of the solubility laws and chemical equilibrium calcu-
lations in our model do not account for fugacity, i.e., they assume
that the ideal gas law holds. However, given the range of total
volatile inventory masses investigated in this study, we do not
expect surface pressures and atmospheric compositions to deviate
from the ideal gas assumption to the extent that our results are
affected significantly. The maximum total volatile inventory mass
in our study, which results in an envelope mass fraction (EMF)
of ~1per cent, is 1percent of the mantle mass. D. J. Bower et
al. (2025) show that, for total volatile inventory masses up to this
value, the surface pressures that result from outgassing for a sub-
Neptune at 3000 K only deviate from the ideal gas scenario by a
factor of up to 1.5. Furthermore, they also show that, for the same
range of volatile inventories, the partial pressure of water in the
atmosphere differs by less than a factor of 1.5 between the real-gas
outgassing calculations and the ideal-gas outgassing calculations
(carbon solubility in their work does not change appreciably as a
result of fugacity corrections).

One caveat to the above point is that we go on to extrapolate our
results, when comparing to the observed exoplanet population
to EMFs and thus total volatile masses larger than 1 percent.
This occurs when we are looking at planets with mass and radii
requiring >1 per cent volatile mass fraction. However, in these
cases the surface pressure of these planets will still increase as a
function of total volatile mass if fugacity effects are accounted for,
albeit more slowly than for the ideal gas scenario. Therefore, the
effects of non-ideality will not affect our results substantially.

2.1.3 Atmospheric climate module

Once the composition of the atmosphere has been determined,
the pressure-temperature structure of the atmosphere is calcu-
lated using the 1D radiative-convective climate model AGNI (H.
Nicholls et al. 2025a, 2025b; H. Nicholls 2026) at each time-step.
AGNI solves for radiative-convective equilibrium in the atmo-
sphere by optimizing its pressure temperature profile such that
net radiative, convective, latent heat, and sensible heat fluxes
lost across each layer of the atmosphere are minimized. It de-
termines this physical solution for the temperature profile using
a damped Newton-Raphson optimization method. This method
conserves energy fluxes both globally and locally, while per-
mitting a net heat flux to be carried by the atmosphere. AGNI
parametrizes convection in 1D using mixing length theory, under
the Schwarzschild criterion with an asymptotic mixing length
(E. Vitense 1953; T. D. Robinson & M. S. Marley 2014; E. K. H.
Lee, X. Tan & S.-M. Tsai 2024). This parametrization allows dry

MNRAS 549, 1-21 (2026)



6 R Calderet. al.

Table 3. Polynomial coefficients for the analytical fit to the instellation flux at the solidification shoreline as a function of stellar
effective temperature (Fshore = Qo Tesz + a1 Tegs + az). Coefficients are shown for different envelope mass fractions.

Envelope mass fraction (per

cent) ay (K'/?) a; (K) az (K)
0.1 2.548x1078 -3.587x107* 2.557
0.3 5.042x1078 -5.607x10~* 2.605
1.0 3.909x1078 -3.951x107* 1.006

convective fluxes to be calculated directly at each layer of the
atmosphere as a function of temperature (see equation 2 in H.
Nicholls et al. 2025b). The temperature structure and convective
fluxes are relatively insensitive to the mixing length (M. Joyce &
J. Tayar 2023).

Radiative fluxes are calculated using the established SOCRATES
radiative transfer suite (J. M. Edwards 1996; J. M. Edwards & A.
Slingo 1996; D. E. Sergeev et al. 2023; J. Manners 2024). SOCRATES
computes radiative fluxes by solving the plane-parallel, two-
stream radiative transfer equation. We use 48 correlated-k bands
(R. M. Goody & Y. L. Yung 1989; A. A. Lacis & V. Oinas 1991)
fitted to line opacity data from the DACE data base (S. L. Grimm
et al. 2021), for wavenumbers ranging from 0 to 42000 cm™! (H.
Nicholls et al. 2025b). The opacity data taken from the DACE data
base has a spectral resolution of 0.01 cm~!. Rayleigh scattering of
the longwave and shortwave radiation streams and collisionally
induced continuum absorption are also included. We neglect the
potential radiative effects of aerosols and clouds for these H,-
dominated atmospheres, and assume that the atmosphere is iso-
chemical - the molecular composition of the atmosphere is ver-
tically constant, set by the lower-boundary condition calculated
by solubility-thermochemical equilibrium at each iterative time-
step. This approach is in line with previous work (T. Lichtenberg
et al. 2021; I. D. Boer et al. 2025; H. Nicholls et al. 2025c). Real
gas equations of state are used to calculate the atmosphere height
structure: J. Haldemann et al. (2020) for water; D. Saumon, G.
Chabrier & H. M. van Horn (1995) for hydrogen; and the Van
der Waals equation of state for the other species. The atmosphere
consists of discrete pressure layers from 10> bar down to the total
surface pressure as calculated by the CALLIOPE outgassing code.
We do not include the effects of atmospheric escape in this work
(although see Section 5.4).

The EMF is parametrized, with no physical relationship be-
tween the EMF and the mass of the iron-silicate interior set by
atmospheric escape. While the EMF will be related to the interior
mass by atmospheric escape (J. G. Rogers & J. E. Owen 2021), this
is not an exact relation: it is merely an upper limit (Y. Tang et al.
2024). The circumstances of planet formation, namely the loca-
tion of planet formation within the disc, disc mass and chemistry,
magma solubility, and chemistry, will determine the EMF at birth
(J. L. Bean et al. 2021). The mass of the rocky core can also affect
the envelope mass fraction, and thus planetary radius, through
solubility, however this effect is minor (see Figs 9, B1, and B2).
Regardless of the relationship between interior mass and EMF,
it is still informative to treat these as independent parameters in
an evolutionary modelling framework, as these properties affect
planetary evolution in different ways. Interior mass affects the
thermal state of the mantle via pressure effects in the deep mantle
(see Section 4.3), while EMF affects the surface temperature and
thus the melt state (T. Lichtenberg et al. 2021; H. Innes et al. 2023;
F. E. Rigby et al. 2024; Y. Tang et al. 2024). In any case, our results
will not be affected by our neglecting atmospheric escape or the
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relationship between interior mass and atmospheric escape (see
Section 5.4).

In this study, we adopt blackbody stellar emission spectra de-
fined by an effective temperature and bolometric luminosity, and
therefore we do not account for stellar evolution. While libraries
of semi-empirical stellar spectra do exist (e.g. K. France et al.
2016), they lack the resolution in stellar effective temperature
that we require in this study. Libraries of synthetic stellar spectra
also exist, but many lack synthetic spectra for M-type stars (A. J.
Wheeler et al. 2023). In Appendix C, we conduct sensitivity tests
comparing modelled atmosphere pressure-temperature (PT) pro-
files calculated using semi-empirical Measurements of the Ultra-
violet Spectral Characteristics of Low-mass Exoplanetary Systems
(MUSCLES) spectra against those calculated using blackbody
spectra. Calculated surface temperatures are only sensitive to the
stellar spectrum for the M-star regime due to optical-wavelength
differences, where MUSCLES is poorly constrained due to inter-
stellar medium (ISM) attenuation (A. Youngblood et al. 2016; D.
J. Wilson et al. 2024). Also, our results are likely insensitive to the
X-ray-Ultraviolet (XUV) region of the stellar spectrum due to the
fact that we do not model atmospheric escape. We parametrize
the stellar radius, and correspondingly the stellar luminosity, as
a function of the stellar effective temperature (T.) using the em-
pirical mass-radius relation from O. Demircan & G. Kahraman
(1991) (R, oc M%9%), the linear mass-luminosity relation from Z.
Eker et al. (2015) (L, o« M*%), and the Stefan-Boltzmann law.
This also allows us to calculate the stellar instellation flux (F;) as
a function of Ty and the orbital semimajor axis ao. We assume
an eccentricity of 0 for all simulated planets, given the close-in
orbits of most detected sub-Neptunes.

Within our time-stepping loop, the net flux at the topmost layer
of the atmosphere calculated by AGNI energy conservation is used
to determine the flux upper-boundary condition for SPIDER in
the next iteration of the evolutionary model. PROTEUS repeats
this iterative process until either the average melt-fraction of the
whole mantle decreases below 1 wt per cent, corresponding to
solidification, or the net flux leaving the planet decreases below
0.2 W m~2, corresponding to global flux balance and a steady
state magma ocean. All the quantities presented in this work, ex-
cluding those presented in Section 5.1, correspond to the time at
which the simulated planet achieves either mantle solidification
or net flux balance.

2.2 Planetary classification criteria

To provide clarity around the terms used in this work and the
scope of our findings, we outline and provide justification for the
criteria we use to define ‘gas dwarf’ exoplanets and ‘water world’
exoplanets. These criteria are contained in Table 2.

Given that gas dwarfs and water worlds are both sub-categories
within the sub-Neptune classification, we require that both
planet types have radii between 1.8 Rg and 4 Rg. We define the



transition between gas dwarf and water world in terms of total
water mass fraction as 10 per cent. This is approximately the wa-
ter mass fraction at which a super-Earth stripped of a hydrogen-
dominated atmosphere would have radii consistent with typical
sub-Neptune radii (J. G. Rogers, H. E. Schlichting & E. D. Young
2024). To distinguish gas dwarfs and water worlds from sub-
Neptunes that achieve radii between 1.8 Rg and 4 Rg, as a result of
large carbon or sulphur mass fractions (E. A. Bergin et al. 2023; J.
Li et al. 2025; H. Nicholls et al. 2026), we require that both planet
types have total carbon and sulphur mass fractions less than
10 per cent. Based on the findings of J. G. Rogers & J. E. Owen
(2021), who suggest that sub-Neptunes could form with H,-rich
atmospheres with EMFs ranging from 0.1-10 per cent, we require
that gas dwarfs have EMFs ranging from 0.1-10 per cent. We also
require that gas dwarfs have a mean molecular weight less than
3.8g mol~'. As an example of an atmospheric composition this
translates to, this is the mean molecular weight of an atmosphere
composed of 85 per cent H,, 10 per cent CH,, and 5 per cent H,O.
This definition is similar to B. Benneke et al. (2024), who define
gas dwarfs as planets with an Earth-like interior and a low-mean
molecular weight atmosphere (<3 g mol™1). Similar definitions
for a gas dwarf are widely used in the literature surrounding
sub-Neptunes (L. A. Buchhave et al. 2014; L. Zeng et al. 2019; J.
Chougar et al. 2020; P. Gao et al. 2023; F. E. Rigby et al. 2024; D.
J. Bower et al. 2025; J. G. Rogers 2025).

Any reference to a ‘gas dwarf’ or a ‘water world’ in this work
refers to a planet that meets all of the criteria we use for either
definition. We define these criteria not to propose definitions for
gas dwarf and water world that the community should adopt, but
to delineate the parameter space for which our conclusions are
valid.

3 THE SOLIDIFICATION SHORELINE

In order to determine the fraction of the gas dwarf population
with magma oceans, we seek to divide the parameter space rel-
evant for gas dwarfs into two regions: one in which our model
predicts that gas dwarfs will reach a thermal steady state that per-
mits a surface magma ocean, and one in which they are predicted
to cool to the point of complete mantle solidification. This con-
cept is analogous to the ‘Habitable Zone’ (S.-S. Huang 1960; J. F.
Kasting et al. 1993; R. K. Kopparapu et al. 2013; M. Turbet et al.
2023), which seeks to divide the host star effective temperature—
instellation flux parameter space into a region where liquid water
is stable on the surface of a planet and a region where liquid water
is unstable due to freezing. Another example of a division of a
multidimensional parameter space into two distinct regions is the
‘Cosmic Shoreline’ (K. J. Zahnle & D. C. Catling 2017; J. Lustig-
Yaeger et al. 2019; S. E. Moran et al. 2023; R. D. Chatterjee & R.
T. Pierrehumbert 2026). The cosmic shoreline is a tool to separate
the escape velocity—instellation flux parameter space into a region
where planets are expected to have atmospheres and a region
where planets are not expected to have atmospheres. In a similar
vein to studies that have developed the habitable zone and cosmic
shoreline as a tool, we seek to determine the ‘solidification shore-
line’ that separates gas dwarfs with permanent magma oceans
and those with solidified mantles.

To determine the location of the solidification shoreline sep-
arating gas dwarfs that will solidify and those that will remain
permanently molten, we must first choose a parameter space
on which the solidification shoreline is defined. Given that the
melt fraction of the mantle is strongly dependent on the sur-
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face temperature (J. Hunen 2015; J. Monteux, D. Andrault & H.
Samuel 2016), and that the surface temperature correlates with
the planet’s equilibrium temperature (J. F. Kasting et al. 1993; A.
D. Del Genio et al. 2019; M. Herath et al. 2024), it is natural to
choose the instellation flux as one of the parameters. Estimates
of the habitable zone are strongly dependent on the effective
temperature of the host star, given that the bond albedo of the
planet depends on the wavelength of the incident starlight (J. F.
Kasting et al. 1993; R. K. Kopparapu et al. 2013). It is unclear how
sensitive the thermal steady states of gas dwarfs are to the stellar
effective temperature when the instellation flux is held constant.

Y. Tang et al. (2024) show that the EMF of a gas dwarf has
a significant effect on the cooling of the mantle. However, the
EMF is more difficult to infer from observations of sub-Neptunes
than the host star effective temperature and the instellation flux.
It is much easier to place a planet in instellation flux-stellar
effective temperature parameter space without requiring more
detailed observation of the system. The solidification shoreline
heuristic therefore allows us to identify planets that merit further
investigation for magma ocean phenomena with only minimal
system information.

The composition of a planet’s envelope will also influence the
opacity of the atmosphere, and thus the cooling of the mantle (P.
A. Sossi et al. 2020; F. Gaillard et al. 2022; H. Nicholls et al. 2024;
Y. Tang et al. 2024). However, given that our gas dwarf definition
requires an atmosphere with p <3.8g mol~!, the atmospheric
composition can only vary within a limited parameter space (see
Section 5.2 for a more detailed discussion of this issue). Therefore,
within our gas dwarf paradigm, envelope mass fraction will have
a greater influence on the location of the solidification shoreline
than envelope composition. For this reason and those discussed
above, we choose to define the solidification shoreline in Ty ver-
sus F;,s parameter space, while also studying the effect of varying
the EMF on the location of the shoreline.

3.1 Determining the solidification shoreline as a function
of envelope mass fraction

We perform simulations with PROTEUS across the T.4—Fns—EMF
parameter space to estimate the location of the solidification
shoreline. We sample stellar effective temperatures from 2900 to
6300 K, covering M, K, G, and F stars, similar to M. Turbet et al.
(2023). Given that Y. Tang et al. (2024) investigate the cooling of
sub-Neptunes for instellation fluxes spanning several orders of
magnitude, and that we are interested in instellation fluxes low
enough to result in solidification, we sample instellation fluxes
from 107! to 103 F;. We adopt a value of 1361 W m~2 for F, us-
ing the International Astronomical Union (IAU) definition of the
solar luminosity and the astronomical unit. Given that gas dwarfs
are expected to form with EMFs ranging over several orders of
magnitude (A. Wolfgang & E. Lopez 2015; S. Ginzburg et al. 2016;
R. Burn et al. 2024; Y. Tang et al. 2024), we perform simulations
with EMFs of 0.1 percent, 0.3 percent, and 1 per cent. While
gas dwarfs could form with an EMF as high as 10 per cent (J. G.
Rogers & J. E. Owen 2021), the trend in Fig. 1 shows that any
shorelines for EMFs greater than 1 per cent would be located at
instellation fluxes lower than the smallest instellation fluxes of
the detected sub-Neptune population. Therefore, any currently
detected gas dwarfs with EMFs greater than 1 per cent would have
permanent magma oceans.

Atmospheric escape will mean that the EMF inferred for a
given planet today will underestimate the EMF that the planet
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Figure 1. Left: Instellation flux at which the thermal steady state of a gas dwarf transitions from a permanent magma ocean to a solidified mantle: the
‘solidification shoreline’. Planets in the region of the parameter space to the left of the shoreline will have permanent magma oceans, and any planets
to the right of the shoreline will have solidified mantles. The solidification shoreline is shown for envelope mass fractions of 0.1 per cent, 0.3 per cent,
and 1 per cent. The positions of all detected sub-Neptunes in this parameter space are shown as scatter points; their colour corresponds to the EMF
calculated using equation (2) from E. D. Lopez & J. J. Fortney (2014). Right: Ratio of the observed instellation flux of detected sub-Neptunes (Fypserved)
to the instellation flux required for them to be on their appropriate solidification shoreline (Fyoundary) as a function of host star effective temperature.
Errors in Fypserved/Fooundary are propagated from observed masses, host star effective temperature, and planet masses. A ratio of Fopserved/Fboundary= 1,
corresponding to a planet located on the solidification shoreline, is shown. Sub-Neptunes for which there exist published JWST transmission spectra as
well as those in the solidified mantle region are shown in blue, and those without JWST transmission spectra are shown in maroon.

will have had in its past. We do not model atmospheric escape,
and instead compare the model to planets by fixing the EMF
at a value consistent with that inferred at their present. The re-
sult of this is that the simulated planet will cool more quickly
than if its envelope were initialized more massive and allowed
to lose mass down to its present state. Inclusion of atmospheric
escape would therefore globally shift the solidification shoreline
to lower instellation fluxes, for a given final EMF, making our
results a conservative estimate of whether gas dwarfs will be
molten.

In our baseline simulations, we set the C/H and N/H mass
ratios of the bulk volatile inventory in the mantle to 0.32 and
0.09, respectively. This is equivalent to the C/H and N/H mass
ratios corresponding to 100x that of the Sun, i.e., 100x solar
metallicity’ (M. Asplund, A. M. Amarsi & N. Grevesse 2021). We
use an oxygen fugacity of ATW = —3, to ensure that the result-
ing atmosphere is H,-dominated and thus consistent with the
gas dwarf classification, and a planet mass of 5Mg. The volatile
hydrogen mass fraction, relative to the mass of the mantle, is
set to the value needed to achieve the required EMF, assuming
that the entire volatile budget is in the atmosphere rather than
the melt. The planetary radius of our fiducial model, i.e., the
model with the fiducial parameter values outlined in Table 1,
is 2.16 Rg,.

Using the grid of PROTEUS simulations spanning the Teg—Fs
parameter space, we determine the instellation flux at which the
thermal steady state of the planet transitions from a permanent
magma ocean to a solidified mantle; i.e., the instellation flux cor-
responding to the solidification shoreline, Fyore, for each stellar
effective temperature, for each EMF. We then fit Tosr as a function
of log19(Fihore) to a second order polynomial using least-squares
regression for each EMF,

Fshore = Qo Tesz + alTeff + az. (2)
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The coefficients for the polynomial fits are shown in Table 3.
Any further reference to the location of the solidification shore-
line refers specifically to these analytical functions. We note
that equation (2) is an approximation: the threshold flux for
magma ocean solidification will in reality depend on more pa-
rameters than simply the stellar effective temperature and the
envelope mass fraction (see Section 4). However, given the re-
strictions on atmospheric composition imposed by the gas dwarf
paradigm and our results in Section 4, stellar effective tempera-
ture and envelope mass fraction are the most significant param-
eters that determine the threshold instellation flux for planetary
solidification.

For a larger EMF, we find that the solidification shoreline is
located at lower instellation fluxes (Fig. 1), implying that sub-
Neptunes with a larger EMF are more likely to have a permanent
magma ocean for the same instellation flux. This is expected,
given that the H, continuum opacity scales with the square of
pressure, implying that a higher surface pressure results in a
higher atmospheric opacity, increasing the surface temperature.
These EMFs are not large enough to result in surface pressures
above the threshold required to induce solidification (B. Breza
et al. 2025).

The solidification shoreline exists at lower instellation fluxes
for planets around host stars with a higher T (the slight in-
crease in Fy,ore With increasing Teg for Teg > 5000 K and EMF =
1 per cent is a by-product of the polynomial fit to the simulation
results), though this relationship is weak. This insensitivity of
the location of the shoreline with respect to Tes contrasts with
the strong dependence of the location of the habitable zone on
stellar effective temperature (S.-S. Huang 1960; J. F. Kasting et al.
1993; R. K. Kopparapu et al. 2013; M. Turbet et al. 2023). Thisis a
radiative transfer effect: unlike studies that estimate the location
of the habitable zone, we do not include opacity contributions
from clouds, which scatter or absorb incident starlight depending
on its wavelength. A caveat to this finding is that our stellar



spectra sensitivity tests (Appendix C) imply that the shoreline
may be located at lower instellation fluxes than those suggested
by Fig. 1 for M-type stars, as a result of our stellar blackbody
approximation.

The positions of all detected sub-Neptunes (exoplanets with
1.8Rg < R < 4Rg) in the T—F,s parameter space are also shown
in Fig. 1. Data for the planets are taken from the exoplanet.eu data
base (J. Schneider et al. 2011). The EMFs of the detected sub-
Neptunes are estimated using the analytical relationship (equa-
tion 2) between EMF, planet radius, planet mass, instellation flux,
and planet age in E. D. Lopez & J. J. Fortney (2014). While E. D.
Lopez & J. J. Fortney (2014) state that this analytical law should
not be used to predict the EMF for specific planets, we believe
that it is a sufficient approximation for our population study.
Also, while the equation in E. D. Lopez & J. J. Fortney (2014)
is only valid for pure H/He atmospheres, if it were adapted to
account for the carbon- and nitrogen-enriched atmospheres in
our simulations, it would only lead to higher predicted EMFs due
to larger atmospheric mean-molecular weights. This increase in
EMF would only make the conclusion of most gas dwarf sub-
Neptunes being molten more robust. We calculate the core radius
using equation (2) in their paper, and we neglect the radius of
the radiative atmosphere, given that the instellation fluxes corre-
sponding to the solidification shorelines are much lower than the
largest instellation fluxes considered in their work. We assume
that all planets have an age of 5 Gyr and assume an uncertainty
in the age of 3 Gyr.

To quantify the degree to which observed sub-Neptunes are
either close to or far away from their appropriate solidification
shoreline, we calculate the instellation flux at which the expected
thermal steady state transitions from solidified mantle to a per-
manent magma ocean for each observed sub-Neptune, Fyoundary-
We calculate Fyoundary for an observed sub-Neptune by predicting
the instellation flux it would have at the solidification shoreline
corresponding to its estimated EMF based upon the solidifica-
tion shorelines shown in Fig. 1, using linear interpolation and
extrapolation. The right panel of Fig. 1 shows the ratio of the
observed instellation flux and the instellation flux at the shore-
line, Fypserved/Fooundary, for each observed sub-Neptune. A value
greater than 1 for this ratio implies the planet will have a per-
manent magma ocean in thermal steady state. We determine
the uncertainty for this ratio by propagating the errors for the
observed stellar effective temperatures, semimajor axes, and the
planet masses. We see that, for the majority of the observed
sub-Neptunes (98 per cent), Fpserved/Fooundary > 1, indicating that
they are very far from their respective solidification shoreline in
the T—Fins parameter space (Fig. 1, right panel). Only a hand-
ful of sub-Neptunes could potentially exist within the ‘solidified
mantle’ region of the parameter space, given the uncertainty in
their respective flux ratios. Therefore, the majority of detected
sub-Neptunes will have permanent magma oceans if they are (1)
consistent with our gas dwarf criteria, and (2) possess a present-
day EMF equal to or greater than that which they had immedi-
ately after their boil-off phase.

While the EMF, host star effective temperature, and instella-
tion flux are the most significant and/or easily observable plane-
tary parameters that determine whether a gas dwarf will solidify,
there are other parameters that could influence its thermal steady
state. If these parameters were to vary from our fiducial model for
a given gas dwarf, this would result in a hotter or colder interior.
The given gas dwarf would then require either a greater or lower
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instellation flux to be located at the boundary between solidifi-
cation and a permanent magma ocean. Therefore, the location
of the solidification shoreline may depend on these secondary
parameters; namely the oxygen fugacity of the magma ocean, the
C/H ratio of the bulk volatile inventory, and the planet mass. This
motivates a study of the effect of varying these secondary parame-
ters on the location of the solidification shoreline, similar to work
done by X. Ji et al. (2025), who demonstrated the sensitivity of
the cosmic shoreline to parameters other than escape velocity and
instellation flux.

4 EFFECTS OF SECONDARY PARAMETERS ON
THE SOLIDIFICATION SHORELINE

To understand the effect of the oxygen fugacity of the magma
ocean, the C/H ratio of the bulk volatile inventory and the planet
mass on the location of the solidification shoreline in the Tes—
Fins parameter space, we perform simulations with PROTEUS in
which these parameters are independently varied. In the first and
second of these secondary parameter studies, we set the EMF to
0.1 per cent, for computational feasibility. Also, for the first and
second studies, we use a stellar effective temperature of 4500 K
and an instellation flux of 27 Fg, to ensure that these simulations
are located near the solidification shoreline in the T,4—F;,s param-
eter space.

To quantify the effect of varying the parameter in question on
the location of the solidification shoreline, we record the global
melt fraction of the mantle as well as the net atmospheric flux
when the planets achieve their thermal steady state: either a
solidified mantle or a permanent magma ocean. If varying the
parameter results in an increased melt fraction at the end of the
thermal evolution for planets with permanent magma oceans,
then these planets will require lower instellation fluxes to achieve
solidification. Conversely, if varying the parameter increases the
net atmospheric flux at the end of the thermal evolution for
planets that solidify, then these planets require higher instella-
tion fluxes to achieve flux balance and thus a permanent magma
ocean.

4.1 Oxygen fugacity of the magma ocean

The redox state of the mantle exerts significant influence over the
speciation of an atmosphere overlaying a magma ocean (M. M.
Hirschmann 2012; P. A. Sossi et al. 2020; F. Gaillard et al. 2022).
Highly reducing mantles result in H, dominated atmospheres,
with CH, and CO as the main secondary constituents, whereas
more oxidizing mantles result in H,O-CO, dominated atmo-
spheres. Given that the radiation absorption cross-sections of
these molecules differ over the wavelength regime in which the
host star is most luminous (Fig. 2), different atmospheric com-
positions affect the greenhouse heating of the surface induced
by the atmosphere, which will affect the thermal evolution of
the planet’s magma ocean (H. Nicholls et al. 2024). While the
atmospheric composition, and thus the oxygen fugacity, can only
vary to a limited degree within our gas dwarf constraints (see
Section 5.2), it is still necessary to understand how the location of
the solidification shoreline will change for gas dwarfs with more-
or less-oxidizing mantles. To investigate the effect of mantle ox-
idation state on the thermal steady state of gas dwarfs, we vary
the oxygen fugacity relative to the iron-wiistite buffer between
AIW = —5 and AIW = +5. This range was chosen to cover the
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Figure 2. Absorption cross-sections of key species as a function of wave-
length for P = 103 barand T = 1500K (i.e., the pressure and temperature
expected near the base of the atmosphere of a gas dwarf). The cross-
section due to H,-H, collisionally induced absorption is also shown.
The blackbody spectrum corresponding to an effective temperature of
T =4500K (i.e., an effective temperature typical of a K-type star) is
shown. Absorption cross-sections are taken from the DACE data base (S. L.
Grimm & K. Heng 2015; S. L. Grimm et al. 2021) and cross-sections for
H,-H; collisionally induced absorption are taken from the HITRAN data
base (I. E. Gordon et al. 2022).

transition between an H,-dominated and an H,O-dominated at-
mosphere.

More oxidizing mantles lead to a larger global melt fraction
and lower net atmospheric flux (Fig. 3) at the end of the ther-
mal evolution of the planet. This result is due to a larger H,O
mixing ratio in the atmosphere (Fig. 3); the opacity of H,O over
the relevant wavelength regime is much greater than that due to
H,-H, collision-induced absorption (Fig. 2). The higher opacity
results in an increased downward longwave radiative flux at the
bottom of the atmosphere (Fig. 3), implying greater heating of the
surface by the atmosphere and an increased melt fraction. How-
ever, the increase in melt fraction reaches a maximum at a value
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of ATW = 0, after which point the melt fraction decreases with
increasing oxygen fugacity. This change in behaviour is due to the
replacement of CO with CO, as the secondary constituent of the
atmosphere, which has a smaller absorption cross-section over
the relevant wavelength regime than CO (Fig. 2). The smaller ab-
sorption cross-section diminishes the greenhouse effect, leading
to a lower global melt fraction.

These results imply that gas dwarfs with more oxidizing man-
tles are more likely to end their thermal evolution with a perma-
nent magma ocean than a solidified mantle, so the solidification
shoreline will be pushed to lower instellation fluxes for these
planets. This effect only applies, however, to planets with volatile
C/H and N/H ratios corresponding to 100 x that of the solar abun-
dances. The oxidation state of the mantle could have a different
effect on the thermal steady state of gas dwarf under different
volatile carbon endowments. In the next section, we investigate
the effect of the C/H ratio of the bulk volatile inventory on the
location of the solidification shoreline.

4.2 C/H ratio of the bulk volatile inventory

While we have shown that the redox state of the mantle strongly
influences the greenhouse heating of the planetary surface for
an H,-dominated atmosphere with 100x solar metallicity, gas
dwarfs may have atmospheres that are either carbon-rich or
carbon-poor compared to this value. The planet’s overall carbon
endowment at formation may vary due to the metallicity of the
host star (J. J. Fortney 2012) or the location of the planet in the
protoplanetary disc (J. Li et al. 2021). There is also the possibility
of sub-Neptunes with interiors rich in organic molecules; i.e.,
‘soot worlds’ (E. A. Bergin et al. 2023; J. Li et al. 2025). Large
carbon budgets would result in more volatile carbon outgassing
from the magma into the atmosphere. Given the role of molecules
such as CHy, CO, and CO, in greenhouse heating of planetary
surfaces (R. Wordsworth & R. Pierrehumbert 2013), the thermal
steady state of gas dwarfs and thus location of the solidification
shoreline could depend on the intrinsic carbon budget of the
planet, even within the constraints on atmospheric composition
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Figure 3. Left: Global melt fraction of the mantle (red dots) as well as the net atmospheric flux at the end of the planet’s thermal evolution (blue
crosses) as a function of oxygen fugacity of the magma ocean. All simulations with AIW < —2 achieve mantle solidification, and all simulations with
AIW > —2 end their evolution with a permanent magma ocean. The stellar effective temperature, instellation flux, planet mass, and metallicity used in
these simulations are also shown. The instellation flux was chosen such that the planet was located at the transition from a permanent magma ocean
to a solidified mantle in the Tg+—Fps parameter space. Right: Volume mixing ratios of key species in the atmosphere as a function of mantle oxygen
fugacity (AIW). The downward longwave radiative flux at the base of the atmosphere, which quantifies the rate of surface heating due to the greenhouse
effect of the atmosphere, as a function of mantle oxygen fugacity is also shown.
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Figure 4. Global melt fraction of the mantle (red dots) as well as the net atmospheric flux at the end of the planet’s thermal evolution (blue crosses)
as a function of the C/H ratio of the bulk volatile inventory. Results are shown for simulations with a mantle oxygen fugacity of ATW = —4 (left panel)
as well as AIW = 4 (right panel). All of the simulations corresponding to a mantle oxygen fugacity of AIW = —4 end their evolution with a solidified
mantle (hence their constant melt fraction), and all of the simulations corresponding to a mantle oxygen fugacity of AIW = 4 end their evolution with a
permanent magma ocean (hence their constant net atmospheric flux). The stellar effective temperature, instellation flux, and planet mass used in these
simulations are also listed in the upper corners. The instellation flux was chosen such that the planet was located at the transition from a permanent

magma ocean to a solidified mantle in the T.¢—Fj,s parameter space.

imposed by our gas dwarf constraints (see Section 5.2). We vary
the C/H ratio of the bulk volatile inventory in our model to inves-
tigate this dependence.

The volatile C/H ratio of the bulk volatile inventory is var-
ied from 0.1 to 10, encompassing C/H ratios from 100x solar
metallicity up to the bulk-Earth C/H ratio (H. S. Wang, C. H.
Lineweaver & T. R. Ireland 2018). We vary the C/H ratio at two
fixed values of the oxygen fugacity: AIW = —4 and AIW = +4,
which allows us to explore the speciation of the atmosphere as the
C/H ratio is varied for both an oxidizing and reducing mantle. We
omit nitrogen chemistry in these simulations in order to isolate
the effects of carbon chemistry. While this method conserves
the total mass of volatile carbon plus hydrogen in the system, it
does not conserve the total mass of the atmosphere, given that
we do not use a fixed volatile oxygen budget in our simulations.
However, the atmospheric masses in these simulations are all
consistent to within a factor of 4 (see Figs B1 and B2). Therefore,
we do not expect these inconsistent atmospheric masses to affect
our findings.

When the volatile C/H ratio in the mantle-atmosphere system
is increased for a reducing mantle (AIW = —4), the net atmo-
spheric flux at the time of solidification increases with increas-
ing carbon volatile fraction (Fig. 4). The global melt fraction is
constant for these simulations because all of the planets have
solidified, i.e., the simulations terminate after reaching a global
melt fraction less than 1 percent. This result implies that the
planet is further away from the region of the parameter space
corresponding to a permanent magma ocean, since the models
terminate at mantle solidification, which is not necessarily at
radiative equilibrium. If the C/H ratio is increased when ATW =
—4 for the mantle, we see greater CH, volume mixing ratios
(Fig. 5), eventually leading to CH,4 supplanting H, as the primary
atmospheric constituent. This change in the speciation of the
atmosphere leads to a smaller downward longwave radiative flux
at the base of the atmosphere (Fig. 5), which is due to the smaller
absorption cross-section of CHy relative to that due to the H,-
H, continuum (Fig. 2), thus it also leads to a reduced greenhouse
heating rate of the surface.

When the volatile C/H ratio in the mantle-atmosphere sys-
tem is increased for an oxidizing mantle (AIW = 4), the global
melt fraction of the planet decreases. The net atmospheric flux
is constant for these simulations because all of the planets have
reached energetic equilibrium, i.e., the simulations terminate af-
ter the net flux decreases below 0.2W m~2. Similar to the re-
sults for a more reducing mantle (AIW = —4), an increasing C/H
ratio leads to CO, replacing H,O as the primary atmospheric
constituent (Fig. 5). Again, this results in a smaller downward
longwave radiative flux at the base of the atmosphere, and thus a
reduced greenhouse heating rate of the surface, given the smaller
absorption cross-section of CO, compared to H,O over the rele-
vant wavelength regime (Fig. 2).

From these simulations, both with oxidizing and reducing
mantles, we can conclude that gas dwarfs with a larger intrinsic
C/H ratio of the bulk volatile inventory are more likely to end
their thermal evolution with a solidified mantle due to a dimin-
ished greenhouse heating rate of their surfaces. This will result
in the solidification shoreline being pushed to higher instellation
fluxes. However, the secondary studies undertaken so far have
focused on the influence of the atmosphere on the thermal steady
state of a gas dwarf. We have not accounted for the mass of
the silicate-iron interior on its thermal evolution. In the final
secondary parameter study, we determine the effect of the mass
of the solid interior on the thermal steady state of gas dwarfs.

4.3 Planet mass

The mass and composition of the atmosphere play a key role in
determining the thermal steady state of a gas dwarf, as we have
shown in our primary study and our secondary parameter stud-
ies. However, the mass of the iron-silicate interior may also play
a role, given that previous studies have shown its influence on
the thermal evolution of gas dwarfs and partially molten super-
Earths. M. Herath et al. (2024) show that, for airless planets in
the super-Earth regime, a larger planet mass leads to a lower
global mantle melt fraction after 10 Gyr, due to larger pressures
in the interior resulting in pressure-induced solidification. The
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are also shown.

consequences of a larger or smaller silicate mass on the thermal
evolution of a gas dwarf are still unclear, however. In this study,
we vary the total mass of the planet and investigate its effect on
the thermal steady state of gas dwarfs, and thus the location of
the solidification shoreline in the T.#-Fi,s parameter space. Note
that varying the total planet mass is in effect varying the mass
of the silicate interior if the EMF is held constant, given that the
volatile inventory and the capacity for the mantle to store volatiles
will both increase simultaneously.

We vary the total mass of the planet in our simulation between
2 and 8 Mg, given that masses larger than 8 Mg, result in deep-
mantle pressures outside the range of our MgSiO; equation of
state. We increase the instellation flux to 35 F and the EMF to 1
per cent, in order to ensure that the planet is in the ‘permanent
magma ocean’ region of the parameter space. We find that the
global melt fraction above the middle layer of the mantle, defined
by the radial co-ordinate, is insensitive to the planet mass (Fig.
6). While a larger planet mass leads to pressure-induced solidi-
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fication in the deep mantle (D. J. Bower et al. 2018; M. Herath
et al. 2024), the pressures nearer the surface and thus the surface
melt fraction are unaffected. Therefore, the likelihood of a gas
dwarf possessing a surface magma ocean will be unaffected by
its mass, implying that the location of the solidification shoreline
is insensitive to planet mass.

One caveat to this result is that we do not account for the
relationship between interior mass and EMF that arises due to
atmospheric escape (J. G. Rogers & J. E. Owen 2021). Therefore,
our results show that the solidification shoreline is insensitive to
interior mass assuming no relation between the interior mass and
the EMF. Another caveat is that we do not explore the full mass
range expected for sub-Neptunes (i.e., up to and including the
mass of Neptune) in this study, therefore we do not capture the
full effect of the planet mass on the thermal steady state for gas
dwarfs.

5 DISCUSSION

5.1 Sensitivity of the solidification shoreline to
evolutionary time-scales

The division of the T.z—Fs parameter space for sub-Neptunes
into two regions corresponding to permanent magma oceans and
solidified mantles shown in Fig. 1 is only relevant with respect to
the thermal steady state of gas dwarfs. The length of their cooling
time-scales (A. Vazan et al. 2018; Y. Tang et al. 2024) implies
that many of the gas dwarfs in the region of the parameter space
corresponding to a solidified mantle may still be cooling, and will
thus still have surface magma oceans. This possibility necessitates
an investigation into the time-scales required to achieve either
mantle solidification or a permanent magma ocean.

To study the sensitivity of the location of the solidification
shoreline to the age of the planetary system, we show the time
taken to reach a thermal steady state, either a permanent magma
ocean or a solidified mantle, for all the simulations in this study
with an EMF of 1 percent (Fig. 7). For the planets that end
their evolution with permanent magma oceans, the time-scales
required for them to reach a steady state are of order 1 Gyr, an
order of magnitude lower than the 10 Gyr cooling timescales
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reported in Y. Tang et al. (2024). For the planets that end their
evolution with solidified mantles, their solidification time-scales
are of order 100 Myr for F,s = 0.8-1.4 F; and of order 10 Myr
for lower instellation fluxes: several orders of magnitude shorter
than the solidification time-scales presented in Y. Tang et al.
(2024).

While the time-scales presented in our work differ to those re-
ported in Y. Tang et al. (2024), our key result — that most detected
sub-Neptunes will have magma oceans if they are gas dwarfs —
still holds regardless of the solidification time-scales involved. If
the gas dwarfs that are expected to solidify do so over 107-108 yr,
meaning that only the youngest planets will still be solidifying,
then most detected sub-Neptunes are still expected to have per-
manent magma oceans according to the results of our main study.
Alternatively, if the gas dwarfs that are expected to solidify do so
over Gyr time-scales, then there will be a significant fraction of
the gas dwarf population with temporary magma oceans in addi-
tion to those with permanent magma oceans. In either scenario,
the bulk of the detected gas dwarf population is still expected to
be molten.

The discrepancy in the gas dwarf solidification time-scales pre-
sented in this work and in Y. Tang et al. (2024) is a consequence of
several key differences in the modelling approaches used in our
work and theirs. Y. Tang et al. (2024) treat the envelope in their
model as two distinct layers — an upper radiative layer and a deep
convection dominated layer — whereas our atmospheric model
solves for radiative—convective equilibrium, permitting deep ra-
diative regions. Deep convectively stable regions generate differ-
ent outgoing radiation fluxes and planetary radii compared to a
fully adiabatic temperature structure, all else equal, because of
their shallower lapse rate (F. Selsis et al. 2023; B. Peng & D. Valen-
cia 2024; J. Cmiel, R. Wordsworth & J. T. Seeley 2025; H. Nicholls
et al. 2025b). Furthermore, the time-scales shown in Y. Tang et al.
(2024) are for gas dwarfs with pure H-He atmospheres, whereas
the time-scales shown in Fig. 7 are for planets with atmospheres
that are 10 per cent CH4 by volume. Given the reduced surface
heating that results from increasing the CH4 volume mixing ratio
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at the expense of the H, volume mixing ratio (see Section 4.2),
gas dwarfs with carbon-enriched atmospheres will have shorter
cooling time-scales compared to those with pure H-He atmo-
spheres. Finally, the equation of state and material properties for
perovskite (i.e., the solid portion of the mantle) used in our work
differ from those used in Y. Tang et al. (2024). This will result in
different rates of heat transport through the solid material and
thus different solidification time-scales between the two models.

Regardless of the insensitivity of our conclusions to solidifica-
tion time-scales, it is important to understand the sensitivity of
these evolutionary time-scales to planetary properties, as their
length could affect the atmospheric composition of gas dwarfs,
if not the likelihood of them having a permanent magma ocean.
Also, if solidification time-scales are of order 107-10% yr, this mo-
tivates observational campaigns targeted at young sub-Neptunes
(S. Barat et al. 2025) to study the transition from a magma oceans
to a solidified mantle in the sub-Neptune regime. Further work
to determine the sensitivity of the location of the solidification
shoreline to cooling time-scales would help resolve the discrep-
ancy between our solidification time-scales and those of Y. Tang
et al. (2024), and assist in estimating the melt state of young sub-
Neptunes.

5.2 Consistency of simulated planets with the gas dwarf
hypothesis

The simulated planets presented in this work span a wide region
of the parameter space defined by the stellar effective tempera-
ture, instellation flux, EMF, oxygen fugacity, volatile C/H ratio,
and planet mass. Here, we return to a key question: are these
planets still gas dwarfs, i.e., do they fulfil the criteria outlined in
Table 2?

One criterion that many of our simulated planets are unlikely
to fulfil is the upper limit we impose on the mean molecular
weight. For the studies in which we vary the oxygen fugacity of
the mantle (Fig. 3) and the volatile C/H mass ratio of the mantle
(Fig. 4), the compositions of the simulated atmospheres deviate
substantially from the hydrogen-dominated atmospheres that we
associate with gas dwarfs. As a consequence, the mean molecu-
lar weights of these atmospheres increase above the upper limit
we impose as a part of the gas dwarf classification. Specifically,
mantle oxygen fugacities greater than —2 in log units relative
to the iron-wiistite buffer and volatile C/H mass ratios greater
than 0.67 exceed this upper limit (Fig. 8). This implies that the
oxygen fugacity and the volatile C/H ratio of the mantle can only
vary within a narrow parameter space while remaining consistent
with our gas dwarf classification. Therefore, the solidification
shoreline, applied specifically to gas dwarfs, is inherently insen-
sitive to the oxygen fugacity and the volatile C/H ratio of the
mantle.

5.3 Sub-Neptunes with surface pressures too large to
sustain magma oceans

One of the main findings in this work is that gas dwarfs with
higher envelope mass fractions are more likely to end their ther-
mal evolution with a permanent magma ocean, due to a larger
greenhouse heating rate of the surface. However, if the EMF
increases to a sufficiently high value, the surface pressure will
increase to the point where the surface mantle could transition
from a molten state to a solid state. B. Breza et al. (2025) show that,
for sub-Neptunes as massive as 16 Mg with an atmospheric mean
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mantle oxygen fugacity of -4 in log units relative to the iron wustite buffer. The red line shows the upper limit for the mean molecular weight we impose

for the gas dwarf classification (Table 2).

molecular weight of 10 g mol™, an EMF larger than 10 per cent
can result in surface pressures large enough to induce a liquid to
solid phase change. This implies that the sub-Neptunes shown in
Fig. 1, if their envelopes have a high mean molecular weight and
they have an EMF greater than 10 per cent, may be found in the
solidified region of the parameter space.

While the existence of such planets is a caveat to our findings,
modelling them is outside the scope of this work. According to
our criteria, these planets would not be classified as gas dwarfs,
given that their mean molecular weights exceed 3.8 g mol~!. Nev-
ertheless, the presence and thermal evolution of magma oceans
on sub-Neptunes with high mean molecular weight atmospheres
is a pertinent research area that requires detailed investigation,
given that outgassing thermodynamics can result in sub-Neptune
atmospheres with mean molecular weights ranging from2to 10 g
mol~! (K. Heng, J. E. Owen & M. Tian 2025). Such investigation
could involve the extension of the solidification shoreline to sub-
Neptunes outside of the gas dwarf classification, as we have de-
fined it.

5.4 The impact of atmospheric escape on the
solidification shoreline

In our modelling framework, we do not account for atmospheric
escape through either photoevaporative or core-powered mass
loss. These processes are predicted to significantly erode the at-
mospheres of close-in sub-Neptunes (C. Mordasini 2020; J. G.
Rogers et al. 2023; Y. Tang et al. 2024), reducing the atmospheric
mass fractions over the course of their thermal evolution. We
have shown that the location of the solidification shoreline is
strongly dependent on the atmospheric mass fraction. Therefore,
the decrease of the atmospheric mass fraction could reduce the
greenhouse heating rate of the surface, which could affect the
thermal steady state of a gas dwarf. This would appear to suggest
that the lack of atmospheric escape within our modelling frame-
work is a major caveat to our results.

However, while atmospheric escape will affect the thermal
evolution of a gas dwarf, it will not affect our finding that most
observed sub-Neptunes, if they are gas dwarfs, will be molten.
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Equation (2) in E. D. Lopez & J. J. Fortney (2014), as used in this
work, predicts the EMF that a sub-Neptune would have currently
if it were a gas dwarf, based on its observed radius. If the planet
in question were susceptible to atmospheric escape, then its EMF
would have been greater earlier in its evolutionary history. The in-
creased EMF would have made it even more likely for the planet
to end its thermal evolution with a permanent magma ocean,
given the additional surface heating induced by a more massive
atmosphere. Similarly, the total volatile inventories in our sim-
ulations can be interpreted as the minimum volatile inventory,
and thus atmospheric mass fraction, that the simulated planet
would have over the course of its evolution. If a real planet had
a larger volatile inventory in the past, which had been eroded by
atmospheric escape, then the planet would be more likely to have
a permanent magma ocean today. Therefore, the solidification
shorelines presented in Fig. 1 can still be used to predict thermal
steady states for the detected sub-Neptune population.

5.5 Implications for sub-neptunes with observed JWST
transmission spectra

Given that 98 per cent of the observed sub-Neptune population
lies within the ‘permanent magma ocean’ region of the Tig—Fins
parameter space, it is germane to ask whether or not observations
of sub-Neptunes within this region are consistent with their being
gas dwarfs with magma oceans. In Fig. 1, we show the locations of
several sub-Neptunes with published JWST transmission spectra.
We consider the observational constraints on the masses, radii,
and atmospheric mean molecular weights of a sub-set of these
planets in the context of our results, and assess their consistency
with the molten gas dwarf hypothesis.

Several of these planets, while within the ‘permanent magma
ocean’ region of the parameter space in our study, are disfavoured
as gas dwarfs. JWST transmission spectra for GJ 9827 d (C.
Piaulet-Ghorayeb et al. 2024) and GJ 1214 b (K. Ohno et al. 2025)
both favour high mean molecular weight atmospheres for their
respective planets. While their surfaces may or may not be molten
(cf. B. Breza et al. 2025), we do not classify them as gas dwarfs
on the basis of these high mean molecular weights; therefore,
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our results are not relevant for these planets. Observations of
TOI-836 c, however, are less conclusive about its mean molecular
weight and atmospheric chemistry (N. L. Wallack et al. 2024). The
mass and radius constraints for the planet are consistent with
the mass-radius regime that we have identified for molten gas
dwarfs (Fig. 9), and they lie within the ‘permanent magma ocean’
region of the Tex—Fns parameter space (Fig. 1). In light of this
finding, future observations of TOI-836 c could be interpreted in
the context of a gas dwarf with a magma ocean, alongside other
interior structures.

Different observations of TOI-270 d with transmission spec-
troscopy have been used to infer different conclusions regarding
the mean-molecular weight of its atmosphere. B. Benneke et al.
(2024) report a measurement of = 5.4711-%, which favours a
water-rich, mini-Neptune scenario. However, this result may still
be consistent with a molten interior and miscible atmosphere
(C. R. Glein et al. 2025). Conversely, M. Holmberg & N. Mad-
husudhan (2024) argue that the transmission spectrum reported
in their work is consistent with a H,-dominated, low mean molec-
ular weight atmosphere. The mass and radius constraints for TOI-
270 d are consistent with a molten gas dwarf (Fig. 9), and our
results show that TOI-270 d would have a permanent magma
ocean if it were a gas dwarf (Fig. 1). Also, retrievals performed on
the transmission spectrum of JWST presented in M. Holmberg &
N. Madhusudhan (2024) show evidence of CH, and CO, in the
upper atmosphere of TOI-270 d as well as a non-detection of NH3,
which could be explained by the presence of a magma ocean (F. E.
Rigby et al. 2024; O. Shorttle et al. 2024). Lastly, M. C. Nixon et al.
(2025) demonstrate that chemical interactions between a magma
ocean and an H,-rich atmosphere can explain the observational
constraints for H,O and CO, for TOI-270 d in B. Benneke et al.
(2024). This leaves the molten gas dwarf hypothesis as a viable
explanation for the observations of TOI-270 d.

Finally, we consider the observations of the sub-Neptune K2-
18 b in the context of our findings. K2-18 b has been the subject
of considerable attention from an observational perspective (R.
Cloutier et al. 2017; P. Sarkis et al. 2018; B. Benneke et al. 2019;
N. Madhusudhan et al. 2023, 2025; R. Hu et al. 2025) and a the-
oretical perspective (G. J. Cooke & N. Madhusudhan 2024; F. E.
Rigby et al. 2024; O. Shorttle et al. 2024; N. F. Wogan et al. 2024;
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A. Gupta, L. Stixrude & H. E. Schlichting 2025; J. Liu, D. Christie
& J. Yang 2025). Figs 1 and 9 show that the mass, radius, and
instellation flux constraints for K2-18 b are consistent with a gas
dwarf with a permanent magma ocean. Therefore, our results
cannot rule out the molten gas dwarf hypothesis for K2-18 b using
these constraints. To further explore this hypothesis for K2-18 b,
we must compare self-consistent models of it as a gas dwarf to
its observed transmission spectrum. While this has been done
previously (F. E. Rigby et al. 2024; O. Shorttle et al. 2024), an
evolutionary modelling framework has yet to be used to explore
the molten gas dwarf hypothesis for K2-18 b.

An important caveat to our prediction that K2-18 b and TOI-
270 d are expected to have permanent magma oceans in the gas
dwarf paradigm is that our estimation of the location of the solid-
ification shoreline may be affected by our use of blackbody stellar
spectra. Our sensitivity tests comparing the PT profiles generated
by our climate model using synthetic stellar spectra and black-
body spectra (Appendix C) imply that the solidification shore-
line for planets orbiting M-type stars may be located at higher
instellation fluxes than suggested by Fig. 1. Given that both of
these planets orbit M-type stars, they may be located closer to the
boundary between solidification and a permanent magma ocean
in the Tex-Fips parameter space.

5.6 Future development of the solidification shoreline

While we have presented the solidification shoreline as a metric
for evaluating whether sub-Neptunes are expected to be molten
or solid, there is further work to be done in developing this metric.
An improvement to our modelling framework would be the inclu-
sion of volatile storage in the solid-phase of the mantle as well as
the metallic core, through partitioning into the solid and/or trap-
ping of melt (S. Hier-Majumder & M. M. Hirschmann 2017; S. M.
Tikoo & L. T. Elkins-Tanton 2017; S. J. Sim, M. M. Hirschmann &
S. Hier-Majumder 2024). Incorporating processes such as stellar
evolution and orbital migration into an evolutionary modelling
framework such as PROTEUS could improve the accuracy of our
estimation of the location of the solidification shoreline, given
that these processes determine the instellation flux received by
the planet. Exploring the full range of planet masses relevant for
sub-Neptunes would also refine the robustness of our prediction
that most observed gas dwarfs have permanent magma oceans.
Using real or synthetic stellar spectra as opposed to blackbody
spectra would help improve the accuracy of our estimate of the lo-
cation of the solidification shoreline, especially for M-type stars.

Finally, there is the potential for extending the use of the solid-
ification shoreline as a metric for all sub-Neptunes, rather than
for gas dwarfs only. This would enable evaluation of the magma
ocean hypothesis for sub-Neptunes with high mean molecular
weight and/or miscible atmospheres. Such a metric would in-
volve major improvements to our modelling framework, includ-
ing solubility laws that are valid for the surface pressures expected
for these planets and possibly even volatile-silicate miscibility
(J. G. Rogers, E. D. Young & H. E. Schlichting 2025). It would also
involve accounting for the possibility of large surface pressures
preventing the existence of magma oceans within an evolutionary
modelling framework (B. Breza et al. 2025).

6 CONCLUSIONS

The degeneracy in the interior structures of sub-Neptunes neces-
sitates the use of spectroscopy to obtain information about their
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atmospheric chemistry that can be used to break this degener-
acy. If gas dwarfs, sub-Neptunes with Earth-like interiors and
low mean-molecular weight atmospheres, have surface magma
oceans, then the chemical interaction between their magma
oceans and their atmospheres could produce chemical signatures
that are spectroscopically identifiable. However, it is unclear how
common magma oceans are on gas dwarfs. We address this gap
by using a 1D coupled climate-interior evolution model to iden-
tify the location of the ‘solidification shoreline’: the boundary
in instellation flux versus stellar effective temperature parameter
space that separates solidified gas dwarfs from those which main-
tain permanent magma oceans at steady-state. Our conclusions
are as follows:

e 98 percent of detected sub-Neptunes are in the region of
the T.s-Fis parameter space corresponding to permanent, steady
state magma oceans for gas dwarfs. Therefore, most observed
sub-Neptunes, if they are gas dwarfs, have permanent magma
oceans. If a sizeable fraction of the sub-Neptune population are
gas dwarfs, this motivates theoretical work to understand and
predict the consequences of interactions between the magma
and the atmospheres of these planets, as well as dedicated ob-
servational campaigns to search for chemical signatures of these
interactions.

e The most significant parameters that determine the steady
state melt fraction of gas dwarfs are the instellation flux and
the atmospheric mass fraction. The stellar effective temperature
exerts negligible influence on their thermal steady state when the
instellation flux is kept constant.

e The C/H ratio of the bulk volatile inventory and the mantle
oxygen fugacity exert some influence over the thermal steady
state, with higher volatile C/H ratios and more reducing mantles
making a solidified mantle a more likely evolutionary outcome.
However, planets with higher volatile C/H ratios and more oxidiz-
ing mantles also have high atmospheric mean molecular weights
and are thus outside the scope of this study. While their degree
of deep-mantle melting is sensitive to planet mass, the degree of
melting near the surface is not; for this reason, the likelihood of
gas dwarfs possessing a surface magma ocean will be unaffected
by their mass.

e Of the sub-Neptunes for which there are JWST transmission
spectra, we find that three planets (TOI-836 c, TOI-270 d, and K2-
18 b) have masses, radii, and instellation fluxes consistent with
them being gas dwarfs with permanent magma oceans, although
this prediction is sensitive to the choice of host stellar spectrum
used. Given that low mean molecular weight atmospheres have
not been ruled out for these planets, a molten gas dwarf scenario
cannot be ruled out for these planets based on their masses, radii,
and instellation fluxes alone. Future observational constraints on
their atmospheric chemistry, combined with self-consistent evo-
lutionary modelling frameworks, are required to further explore
the magma ocean hypothesis for these planets.
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APPENDIX A: SOLUBILITY LAWS

Given the large pressures expected at the interfaces between sub-
Neptune interiors and atmospheres (D. J. Bower et al. 2025),
it is important to state the pressure-temperature conditions for
which solubility laws have been experimentally determined. In
this section, we outline all of the solubility laws used in our work.
All pressures and fugacities are given in bar and concentrations
are given in ppm by weight. Units for coefficients are omitted for
brevity. The simulations in this work span surface temperatures
ranging from 1633 to 3820 K and surface pressures ranging from
0.7 to 9 GPa.

We adopt the H,O solubility law for molten peridotite from
P. A. Sossi et al. (2023), determined experimentally at a tempera-
ture and pressure of 2173 £50 K and 1 bar, respectively

XHZO =525 x (szo)O'5 . (Al)

We adopt the CO, solubility law in alkalic basalt from J. E.
Dixon (1997), determined experimentally at temperatures of 1673
K and for pressures up to 20 kbar

—23(p — 1))

A2
83.15T (A2)

Xco,- =38 %1077 x pexp<
4400 Xco, -

Xco, = 10° x ——M=2—,
€02 36.6 — 44 Xco,

(A3)
We adopt the solubility law for N, in basalt from R. Dasgupta

etal. (2022), taking XSiOZ =0.56, XA1203 =0.11, XTiOZ = 0.01. This
law is valid up to pressures of 9 GPa and temperatures of 1600 K
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A = exp[4.67 + 7.11Xsi0, — 13.06Xa1,0, — 120.67Xti0,].  (A4)

05 [5908.0 x (p/10000)°3
X, = () ex < (p/10000V% 4 ¢ Arw
10000 T
Apn,
2PN a5
T1o000" A%

where AIW refers to the oxygen fugacity relative to the iron-
wiistite buffer in log units.

We adopt the solubility law for CH, in basalt from P. Ardia
et al. (2013), valid for pressures ranging from 0.7 to 3 GPa and
temperatures ranging from 1673 to 1723 K

DPcHy
Xen, =

™ \10000
We adopt the solubility law for CO in basalt from L. S. Arm-

strong et al. (2015), based on experiments conducted at 1.2 GPa
and 1673 K

) x exp[4.93 — 1.93 x 10*p] . (A6)

log,, Xco = —0.738 + 0.876log,,(pco) — 5.44 x 107°p. (A7)

APPENDIX B: ATMOSPHERIC MASS IN
SECONDARY PARAMETER STUDIES
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Figure B1. Atmospheric mass as a function of oxygen fugacity (AIW) of
the mantle for the simulations in which we vary the oxygen fugacity of the
magma ocean. The increase in atmospheric mass is due to the transition
from an H,-dominated atmosphere to an H,O dominated atmosphere,
given the larger mean molecular weight of H,O compared to H,.


http://dx.doi.org/10.1038/s41586-023-06258-3
http://dx.doi.org/10.5194/gmd-16-5601-2023
http://dx.doi.org/10.3847/2041-8213/ad206e
http://dx.doi.org/10.1029/2024JE008346
http://dx.doi.org/10.1126/sciadv.abd1387
http://dx.doi.org/10.1016/j.epsl.2022.117894
http://dx.doi.org/10.48550/arXiv.2410.21584
http://dx.doi.org/10.3847/1538-4365/aab4f9
http://dx.doi.org/10.3847/1538-4357/ad217c
http://dx.doi.org/10.1098/rsta.2015.0394
http://dx.doi.org/10.1051/0004-6361/202347539
http://dx.doi.org/10.1093/gji/ggu465
http://dx.doi.org/10.3847/1538-4357/aaef33
http://dx.doi.org/10.1051/0004-6361/202039141
http://dx.doi.org/10.3847/1538-3881/ad3917
http://dx.doi.org/10.1016/j.icarus.2017.08.024
http://dx.doi.org/10.3847/1538-3881/acaaad
http://dx.doi.org/10.3847/1538-4357/ad9251
http://dx.doi.org/10.3847/2041-8213/ad2616
http://dx.doi.org/10.1088/0004-637X/806/2/183
http://dx.doi.org/10.1126/science.1225759
http://dx.doi.org/10.3847/0004-637X/824/2/101
http://dx.doi.org/10.3847/1538-4357/aa7846
http://dx.doi.org/10.1073/pnas.1812905116\begingroup \count@ "003C\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ?tsp type$=$"vsp" data$=$"10pt" skip$=$"true" objectname$=$"vspace" id$=$"pgs1780722399047"?\begingroup \count@ "003E\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 

-
S

=
N
\

Q

=
o
\
]
\

[e)]

Atmospheric Mass / 1073 Mg
(o]

fO,(AIW)=-4

~

100 101
Volatile C/H Ratio

=
O]
L

Figure B2. Atmospheric mass as a function of the C/H ratio of the bulk
volatile inventory results are shown for simulations with a mantle oxygen
fugacity (AIW) of -4 and 4 as solid and dashed lines, respectively.

APPENDIX C: BLACKBODY SPECTRA
SENSITIVITY TESTS

We conduct sensitivity tests to determine how the pressure-
temperature profiles generated by our 1D radiative-convective
climate model (AGNI) differ when blackbody spectra are used to
compute radiative fluxes as opposed to real or simulated stellar
spectra. These tests were conducted using G, K, and M type solar
spectra. We run AGNI with the solar spectrum from C. A. Guey-
mard (2004) and synthetic spectra for HD85512 (Teg = 4404 K)
and GJ849 (T = 3467 K) from the MUSCLES survey (K. France
et al. 2016). We also run AGNI using three blackbody spectra,
each with blackbody temperatures of 5772, 4404, and 3467 K, to
represent blackbody approximations of the spectra of the Sun,
HD85512, and GJ849. We run AGNI using input parameters rep-
resentative of a typical sub-Neptune in our study (see Table C1).

For the solar spectrum, the temperature difference in the PT
profile calculated using a real spectrum, and a blackbody equiv-
alent is negligible (Fig. C1). For a K-type stellar spectrum such
as that of HD85512, the temperature difference between the syn-
thetic stellar spectrum, and the blackbody near the surface is
small: ~40 K. However, for the spectrum of GJ849, the difference
in surface temperature calculated using the synthetic stellar spec-

Table C1. Input parameters used for 1D radiative-convective climate
code (AGNI) when conducting tests comparing PT profiles calculated us-
ing blackbody spectra as opposed to real or synthetic stellar spectra.

Sensitivity test input parameter Value
Surface temperature 1000K
Instellation 1368 Wm 2
Instellation scale factor 0.375
Characteristic solar zenith angle 48.19°
Planet radius 2.6 Rg
Pyt 103 bar
Piop 10> bar
H, VMR 0.92
H>0 VMR 0.0097
CO; VMR 0.00555
CH4 VMR 0.06
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Figure C1. Pressure-temperature (PT) profiles calculated using our
radiative-convective climate code (AGNI). Solid lines correspond to a
PT profile calculated using a real or synthetic spectra, and dashed lines
correspond to a profile calculated using a blackbody spectra. Profiles
corresponding to a solar spectra (C. A. Gueymard 2004) or a blackbody
equivalent (T = 5772 K) are shown in yellow. Profiles corresponding to
MUSCLES spectra (K. France et al. 2016) of HD85512 and GJ849, or their
blackbody equivalents (T = 4404 and 3467 K, respectively) are shown
in blue and red, respectively.

trum is ~200K colder than that calculated using the blackbody
spectrum. This suggests that we are underestimating the surface
temperatures of gas dwarfs orbiting M-type stars, implying that
the solidification shoreline may be located at lower instellation
fluxes than those suggested by Fig. 1.

APPENDIX D: SULPHUR SPECIES
SENSITIVITY TESTS

This work focusses on gas dwarf sub-Neptunes, which have low
metallicity atmospheric compositions (Table 2). Thus, we can
neglect sulphur species from our main grid of simulations be-
cause their abundance within low molecular weight atmospheres
is necessarily limited. However, the thermochemical formation
of H,S within reducing H,-dominated environments could be
favourable, given sufficient sulphur content, potentially introduc-
ing an additional source of opacity alongside other volatiles (S. J.
Desch et al. 2020; S. Jordan, O. Shorttle & P. B. Rimmer 2025; H.
Nicholls et al. 2026).

Here, we use our radiative-convective atmosphere model (Sec-
tion 2) to probe the potential influence of H,S - the primary car-
rier of sulphur - on the climate of hydrogen rich sub-Neptunes,
by comparison against H,O. We consider a range of H,S and H,O
volume mixing ratios in an H, background, for a K2-18 b sized
planet exposed to 10 times Earth’s solar instellation flux, adopting
zero internal heat production and p; = 1kbar.

The resultant temperature profiles plotted in Fig. D1 panels (a)
and (c) show that addition of H,O and H,S acts to increase the
deep-atmospheric temperature, all else equal. Across the sub-set
of these cases consistent with our gas-dwarf definition, the sur-
face temperature increase caused by the H,S greenhouse forcing
is ~ 100 K. Importantly, comparison of panels (a) and (d) shows
that, because H,S is a weaker greenhouse gas than H,O, it has
a smaller impact on sub-Neptune climate structure than H,O
(A.A. A. Azzam et al. 2016). These behaviours validate our choice
to neglect H,S from the main simulations (Section 3), since other
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Figure D1. Differences in atmospheric temperature structure and out-
going emission introduced by addition of H,O or H,S into a hydrogen
background. Top: atmosphere absolute-temperature structures and rel-
ative differences for water-enhanced (a, b) and sulphur-enhanced (c, d)
scenarios. Bottom: outgoing emission spectra arising from the sulphur-
enhanced scenarios, and relative differences. Line colours show additive-
gas volume mixing ratios.

volatile gases (e.g. water, which is included) exert more control
over corresponding melting states.

In addition to temperature profiles, Fig. D1 panels (e) and (f)
plot the corresponding outgoing emission spectra for these H,S-
enhanced scenarios. Multiple absorption features are generated
by H,S, which explains the temperature increase shown by panels
(c) and (d). Our main analysis does not specifically consider the
spectroscopic effects of composition, however, careful considera-
tion of these absorption features would be important for identify-
ing the particular nature of specific sub-Neptune exoplanets (H.
Nicholls et al. 2026).

APPENDIX E: INTERIOR PARAMETERS’
SENSITIVITY TESTS

Many of the parameters held constant in our study (Table 1)
are necessarily assigned values by either adopting Earth-centric
assumptions, or on an ad hoc basis, for lack of alternative con-
straints. We perform sensitivity tests for the sub-set of these pa-
rameters to which our results could be the most sensitive. Specif-
ically, we perform tests where we vary the core density, core heat
capacity, initial flux at the top of the mantle, initial specific en-
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Figure E1. The results of our sensitivity tests. The melt fraction above
the middle mantle layer (R > 0.5 R;,;) is shown as a function of core
density (panel a), core heat capacity (panel b), initial top-of-mantle flux
(panel c), initial specific entropy (panel d), thickness of the conductive
boundary layer between the mantle and the surface (panel e), and the
reference viscosity for the solid portion of the mantle (panel f). The values
for each parameter used in the main study are shown in teal. All of the
parameters that are not varied are held constant at their fiducial values
specified in Table 1.

tropy in the mantle, thickness of the conductive boundary layer,
and the reference viscosity of the solid mantle. For these studies,
all parameters that are not varied are held constant at the values
specified in Table 1. The sensitivity of the model to these pa-
rameters is quantified using the melt mass-fraction of the upper
regions of the mantle (R > 0.5 Rj,) - this property quantifies the
melt content of a magma ocean which has solidified from the
bottom-up. We now discuss the details of each sensitivity test and
their results.

Core density: our models uses a core density taken from a pre-
liminary reference earth model (D. J. Bower et al. 2018). However,
sub-Neptunes are likely to have higher core densities than Earth,
due to the extra compression resulting from higher planet masses.
Additionally, if sub-Neptune core compositions were to deviate
significantly from that of Earth’s core, this would affect the core
density (A. R. Howe et al. 2014). We vary the core density from
1000 kg m~3, the density of water at room temperature and pres-
sure, up to 11000 kg m~3. We choose 11000 kg m~3 as the upper
limit in this test because densities larger than this result in deep
mantle pressures too large for our numerical solver. The results of
our test show that the near-surface melt fraction is insensitive to
the density of the core (Fig. E1). This is unsurprising, given that
core density largely affects pressures in the deep mantle, which
would only affect the deep-mantle melt content and the interior



structure calculation, leaving the surface melt fraction (and our
main discussion and conclusions) unaffected.

Core heat capacity: our model nominally adopts the 880 J kg™!
K~! metallic-core specific heat capacity from D. J. Bower et al.
(2018), which represents an adjustment on the preliminary ref-
erence earth model. The core heat capacity could vary for sub-
Neptunes with core compositions that differ from that estimated
for Earth; e.g. due to different melting phase-states or elemental
compositions (A. R. Howe et al. 2014). We vary the modelled core
heat capacity from 100 to 10000 J kg~! K~! to account for these
unknowns. The results of this test show that the near-surface melt
fraction is insensitive to the heat capacity of the core (Fig. Ela).
This is due to thermal equilibration between the core and the
mantle over shorter time-scales than the overall cooling time-
scale, leading to limited disequilibrium heat exchange between
the core and the mantle.

Initial top-of-mantle flux: the flux upper-boundary condition
for the mantle evolution model is a free parameter, which we
set arbitrarily. However, this initial flux would depend on the
formation history of the planet in question (M. Ikoma & H. Genda
2006; T. Lebrun et al. 2013). The effect of this arbitrary initial
condition on mantle evolution has not been investigated for sub-
Neptunes. To test this, we vary the initial surface heat flux from
103 to 10’ W m~2, which correspond to fluxes calculated via the
Stefan-Boltzmann law using surface temperatures of 364 and
3644 K, respectively. We find that the upper-mantle melt fraction
is insensitive to the initial surface energy flux (Fig. Elc). This is
a consequence of our modelling approach. In subsequent time-
steps of the modelled simulations, the flux upper boundary con-
dition for the interior model is updated self-consistently by the
energy conservation solver within our climate model (H. Nicholls
et al. 2025b). If the flux boundary condition on the upper-mantle
att = Oyr deviates substantially from that which would be calcu-
lated by the climate code, the temperature structure of the mantle
adjusts rapidly to compensate.

Initial specific entropy: the initial specific entropy at the surface
is a free parameter in our model, which we set arbitrarily. Pre-
vious work has shown that the evolution of Earth-like planets is
insensitive to the initial specific entropy of the mantle (T. Lichten-
berg et al. 2021). However, it remains unclear whether this result
is also valid for sub-Neptunes, although they are still expected to
form in substantially molten states (M. Ikoma & H. Genda 2006;
E. J. Davies et al. 2020). We arbitrarily vary the mantle’s initial
value of specific entropy from 1000 to 10 000J K~! kg~!. These
simulations find that upper-mantle melt fraction is only sensitive
to the initial entropy for low specific entropies <2000J K~! kg~!
(Fig. E1d). This is because an initial surface specific entropy less
than 2000J K~! kg™! results in an initial mantle temperature
structure below the solidus, i.e., the mantle is initialized solid.
Therefore, provided the initial surface entropy is large enough to
result in an initially molten mantle (E. J. Davies et al. 2020; T.
Lebrun et al. 2013), the evolutionary outcome will not be affected
by the initial surface entropy.

© The Author(s) 2026.
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Boundary layer thickness: the thickness of the boundary layer
between the mantle and the surface is held constant in our model.
However, previous theoretical studies have suggested that the
thickness of a potential conductive surface-boundary layer would
increase as the mantle solidifies (T. Lebrun et al. 2013; L. Schaefer
et al. 2016). At the same time, other studies have discounted the
presence of this layer entirely (L. T. Elkins-Tanton 2008). In prin-

ciple, a conductive boundary layer could inhibit cooling of the
mantle, given sufficiently large boundary layer thicknesses. We

vary the thickness of the boundary layer from 0.01 cm to 10 km,
given that theoretical modelling by T. Lebrun et al. (2013) showed
that the thickness of this layer can increase to ~ km during late
crystallization. Our sensitivity study shows that the near-surface
melt fraction can be sensitive to the boundary layer thickness
when the thickness exceeds 1 km (Fig. Ele). This is due to an ef-
fective decoupling of the mantle thermal structure (and thus melt
state) from the cooling at the surface, due to inefficient heat trans-
port between the upper-mantle and lower-atmosphere. However,
the presence of this theorized boundary layer is not guaranteed
- for example, it could be broken-up by atmosphere or interior
dynamical shear stresses (L. T. Elkins-Tanton 2008; H. Nicholls
et al. 2024). If sustained against dynamical factors, the boundary
layer thickness is only theorized to approach 10 km during the
later stages of mantle cooling (T. Lebrun et al. 2013). Therefore,
our results are insensitive to the thickness of a potentially present
conductive boundary layer.

Reference solid viscosity: in our calculation of the aggregate
viscosity of the mantle 1, we use fixed reference solid and melt
viscosities. However, the viscosity of Earth’s solid mantle varies
as a function of depth, temperature, grain size, water content,
melt fraction, stress, and composition (L. M. Cathles 2015). There
is also uncertainty around the viscosity of molten peridotite (D.
Dingwell et al. 2004). Given that the cooling of an initially molten
mantle is primarily regulated by the opacity and blanketing effect
of an outgassed atmosphere, rather than the ability of the molten
mantle to transport heat to the surface (T. Lebrun et al. 2013; L.
Schaefer et al. 2016: L. Schaefer & B. Fegley 2017), empirical un-
certainties in melt viscosity are unlikely to affect our results. How-
ever, once the mantle begins to solidify, the solid viscosity begins
to affect heat transport in the mantle. Therefore, uncertainties in
the solid viscosity could affect our results. To test this, we vary the
reference solid viscosity between 10'° and 10?* Pa s, to reflect the
range of viscosity values in Earth’s mantle (L. M. Cathles 2015).
We find that the near-surface melt fraction is insensitive to the
reference solid viscosity (Fig. E1f). This is a consequence of the
fact that, for these sub-Neptunes, mantle fractionally solidifies
from the bottom-up, with complete solidification occurring at the
base of the mantle first (Y. Tang et al. 2024). Therefore, the melt
state of the mantle near the surface is unlikely to be affected by
the viscosity of solid material at depth.

This paper has been typeset from a TgX/KTX file prepared by the author.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 549, 1-21 (2026)


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODS
	3 THE SOLIDIFICATION SHORELINE
	4 EFFECTS OF SECONDARY PARAMETERS ON THE SOLIDIFICATION SHORELINE
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	A SOLUBILITY LAWS
	B ATMOSPHERIC MASS IN SECONDARY PARAMETER STUDIES
	C BLACKBODY SPECTRA SENSITIVITY TESTS
	D SULPHUR SPECIES SENSITIVITY TESTS
	E INTERIOR PARAMETERS' SENSITIVITY TESTS


