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Abstract

Climate transitions on exoplanets offer valuable insights into the atmospheric processes governing planetary
habitability. Previous pure-steam atmospheric models show a thermal limit in outgoing long-wave radiation,
which has been used to define the inner edge of the classical habitable zone and guide exoplanet surveys aiming to
identify and characterize potentially habitable worlds. We expand upon previous modelling by treating (i) the
dissolution of volatiles into a magma ocean underneath the atmosphere, (ii) a broader volatile range of the
atmospheric composition including H,O, CO,, CO, H,, CH,4, and N, and (iii) a surface-temperature- and mantle-
redox-dependent equilibrium chemistry. We find that multicomponent atmospheres of outgassed composition
located above partially or fully molten mantles do not exhibit the characteristic thermal radiation limit that arises
from pure-steam models, thereby undermining the canonical concept of a runaway greenhouse limit, and hence
challenging the conventional approach of using it to define an irradiation-based habitable zone. Our results show
that atmospheric heat loss to space is strongly dependent on the oxidation and melting state of the underlying
planetary mantle, through their significant influence on the atmosphere’s equilibrium composition. This suggests
an evolutionary hysteresis in climate scenarios: Initially molten and cooling planets do not converge to the same
climate regime as solidified planets that heat up by external irradiation. Steady-state models cannot recover
evolutionary climate transitions, which instead require self-consistent models of the temporal evolution of the
coupled feedback processes between interior and atmosphere over geologic time.

Unified Astronomy Thesaurus concepts: Planetary science (1255); Exoplanet evolution (491); Habitable planets
(695); Exoplanets (498); Extrasolar rocky planets (511); Atmospheric evolution (2301); Planetary atmospheres
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1. Introduction

Exoplanets provide unique opportunities to explore the
diverse phases and evolutionary trajectories of different
planetary types throughout their lifetimes. Central to under-
standing the rich tapestry of planetary atmospheres is the
study of atmospheric phenomena, such as the runaway
greenhouse effect (M. Komabayasi 1967; A. P. Ingersoll
1969; Y. Abe & T. Matsui 1988; J. F. Kasting 1988; S. Nakajima
et al. 1992). Analyzing how the greenhouse effect manifests
across different regimes provides us with critical insights into the
factors influencing planetary habitability and evolutionary path-
ways (R. Wordsworth & L. Kreidberg 2022; T. Lichtenberg &
Y. Miguel 2025). A greater knowledge of the climatic
evolution of exoplanets is necessary for interpreting current
and future observations more accurately (E. M. R. Kempton &
H. A. Knutson 2024). Recent theoretical and observational
studies have demonstrated that the atmospheric composition of
low-mass exoplanets is tightly interconnected with the
planetary interior and affects exoplanet observables (C. Dorn
& T. Lichtenberg 2021; E. S. Kite & L. Schaefer 2021;
H. E. Schlichting & E. D. Young 2022; B. Benneke et al. 2024;
R. Hu et al. 2024; J. Krissansen-Totton et al. 2024; O. Shorttle
et al. 2024). The planetary interior can affect the observational
signatures of exoplanets in a number of ways; most important
for the purpose of this manuscript is the degassing and/or
ingassing of volatiles gases, which can influence the planetary
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transit radius and atmospheric composition (C. Dorn &
T. Lichtenberg 2021; T. Lichtenberg 2021; H. E. Schlichting
& E. D. Young 2022). If interaction with the interior can
dominate the atmospheric composition, then it is natural to ask
how this process may affect long-term climatic processes that
are originally extrapolated from the study of Earth and the
terrestrial planets of the solar system.

The “runaway greenhouse” (or “thermal”) limit is the
outgoing long-wave radiation (OLR) threshold that a planet
with a pure-steam atmosphere is thought to approach for a
particular range of surface temperatures. This limit can occur
on initially temperate planets due to increased warming from
their host stars (R. K. Kopparapu et al. 2013). The blanketing
effect of the atmosphere means that it absorbs thermal
radiation from the surface and insulates the planet’s interior
such that the surface temperature can increase through a
positive feedback loop as surface oceans are evaporated (in
turn increasing the atmospheric opacity). This process is
also important for setting the cooling of planets from an
initially hot post-runaway state (Y. Abe & T. Matsui 1985;
J. F. Kasting 1988). The atmospheric temperature (7—P) profile
is also intimately related to the phases of the volatiles
throughout the atmosphere. Condensing gases may be rained
out (R. T. Pierrehumbert 2010), which impacts the transport of
radiation. Of greater importance, however, is that when the
partial pressure of a given volatile is higher than its saturation
vapor pressure, this volatile condenses and releases latent
heat. Latent heat released during volatile condensation
locally warms the atmosphere and decreases the steepness of
the atmospheric lapse rate from a dry adiabat to a moist
pseudoadiabat.
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Under the often-invoked assumption of a purely convective
temperature profile (Y. Abe & T. Matsui 1985; T. Lebrun
et al. 2013; R. Boukrouche et al. 2021; T. Lichtenberg et al.
2021), an atmosphere dominated by a single volatile (e.g.,
steam) will be greatly controlled by the latent heat release
regions of condensation, which is entirely determined by the
thermodynamic properties of that single volatile and not by
the surface temperature. This is crucial because when the
photosphere of the atmosphere falls within this saturated
region, the OLR cannot increase in step with the surface
temperature (R. T. Pierrehumbert 2010; C. Goldblatt et al.
2013; K. Hamano et al. 2013; A. Salvador et al. 2017). This
decoupling of radiating temperature from the surface temper-
ature causes runaway warming of the planet. As the temperature
further increases and the volatiles become supercritical, the dry
adiabat reaches upwards to lower pressures such that the region
of condensation becomes transparent. This restores the relation-
ship between the upper-atmosphere temperature and the surface,
allowing for the OLR to increase with increasing surface
temperature—the so-called post-runaway stage (R. Boukrouche
et al. 2021). This process—the central behavior behind the
runaway greenhouse limit—can in principle operate for any
volatile gas in an atmosphere that can be present in gaseous and
condensed form at the surface, and is particularly critical for
water vapor due to its large enthalpy of vaporization, strong
infrared opacity (R. T. Pierrehumbert 2010), and availability. In
addition to the gas speciation itself, higher total atmospheric
pressure increases atmospheric opacity, reducing OLR, while
thinner atmospheres allow more radiation to escape into space
(e.g., R. Boukrouche et al. 2021). This is called the runaway
greenhouse effect, and has classically been studied under
terrestrial conditions where water is the dominant condensable
on the climatic conditions of Earth (e.g., M. Komabayasi 1967;
A. P. Ingersoll 1969; Y. Abe & T. Matsui 1988; J. F. Kasting
1988; S. Nakajima et al. 1992).

1.1. Implications of the Runaway Greenhouse Limit

Previous studies of the runaway greenhouse effect (e.g.,
C. Goldblatt et al. 2013; R. K. Kopparapu et al. 2013;
K. Hamano et al. 2015; R. Boukrouche et al. 2021; F. Selsis
et al. 2023) modeled a terrestrial planet with an atmosphere
composed purely out of steam. This pure-steam assumption
stems from the pioneering work of Y. Abe and T. Matsui in the
early 1980s (Y. Abe & T. Matsui 1985). These pure-steam
models yield a runaway greenhouse threshold: a plateau
representing approximately constant values of OLR for a range
of surface temperatures. R. K. Kopparapu et al. (2013) found a
critical OLR value of approximately 293 W m 2 for surface
temperatures of 230-1900 K. F. Selsis et al. (2023) found an
OLR of approximately 276 W m™ 2 for surface temperatures of
563-1750 K. These represent the regime of the runaway
greenhouse effect when a terrestrial planet is subject to
increased irradiation, e.g., the future Earth as the Sun’s
luminosity increases with time. The onset point of this regime
has previously been used to define the inner edge of the
habitable zone (e.g., J. F. Kasting et al. 1993; R. K. Kopparapu
et al. 2013; Y. Zhang & J. Yang 2020), which is traditionally
defined as a region around a star within which a planet with a
CO,-H,0O-N, atmosphere can maintain surface temperatures
that allow for liquid water (S. Huang 1959; M. H. Hart 1978;
J. F. Kasting et al. 1993; D. R. Underwood et al. 2003;
F. Selsis et al. 2007; L. Kaltenegger & D. Sasselov 2011). The
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specific boundaries of the habitable zone depend on various
factors, including the host star’s luminosity, spectral type, the
planet’s mass, and the planet’s atmospheric properties, which
have been studied within the literature (e.g., R. Pierrehumbert &
E. Gaidos 2011; R. M. Ramirez & L. Kaltenegger 2014, 2017,
2018; D. D. B. Koll & T. W. Cronin 2019; R. M. Ramirez 2020;
I. Bonati & R. M. Ramirez 2021; G. Chaverot et al. 2022;
M. Turbet et al. 2023). Several of these works have performed
studies on variations of the runaway greenhouse limit if the
atmosphere is composed of a different background gas on
the order of a few bar at maximum, and added specific gases in
the H-C-N-O composition space. However, the majority of
work in this area so far has arbitrarily varied the atmospheric
conditions, mostly with specific settings in mind.

1.2. Objective of This Study

With the perspective of using atmospheric models that help
distinguish habitable worlds from nonhabitable ones, here we
alleviate some of the limitations of previous works. This
focuses mainly on three interconnected aspects:

1. Inclusion of a molten mantle and surface (a “magma
ocean”), which controls the atmospheric mass and
composition through the dissolution of volatile species
into the melt.

2. Broadening the atmospheric compositional range by
incorporating H,O, CO,, CO, H,, CHy4, and N».

3. Calculation of the equilibrium atmospheric composition
and pressure based on the combined effects of equili-
brium chemistry and dissolution into the melt (which are
dependent on surface temperature).

A molten surface is considered for two key reasons. First,
planets that undergo a runaway greenhouse transition will
have a dramatic increase in their surface temperature which
is sufficient to melt the mantle (e.g., D. Andrault et al.
2011). Global radiative equilibrium within the post-runaway
greenhouse state (when out- and incoming radiation balance
each other) therefore will typically be accompanied by an
underlying magma ocean (T. Lichtenberg & Y. Miguel 2025).
Second, rocky planets are thought to start their lives with
global magma oceans inherited from the accretionary heat of
formation (e.g., by pebble accretion or giant impacts), which
should thus be considered as the starting condition for
assessing climate evolution. The prevalence of the magma-
ocean phase is supported by comprehensive geological
evidence (P. H. Warren 1985; W. B. Tonks & H. J. Melosh
1993; L. Elkins-Tanton 2008; K.-H. Chao et al. 2021;
M. Nakajima et al. 2021; R. M. Canup et al. 2023; T. Lichtenberg
et al. 2023) on Earth, the Moon, Mars (V. Debaille et al. 2007),
and Venus (A. Salvador et al. 2023), and is predicted both by
planetesimal-based (e.g., Y. Alibert et al. 2013; E. V. Quintana
et al. 2016; M. C. Wyatt et al. 2019; M. S. Clement et al.
2020; A. Emsenhuber et al. 2021; M. Schlecker et al. 2021;
T. Lichtenberg & M. S. Clement 2022) and pebble-accretion
models (e.g., A. Morbidelli & D. Nesvorny 2012; M. Lambrechts
et al. 2019; A. Johansen et al. 2021, 2023; P. Olson et al. 2022) of
planetary formation. Irrespective of the accretion path of rocky
planets, strong irradiation by exoplanetary host stars (A. Léger
et al. 2009; K.-H. Chao et al. 2021) or substantial tidal
heating (P. E. Driscoll & R. Barnes 2015; M. Walterovd &
M. Béhounkova 2020; M. Farhat et al. 2025) can cause rocky
planetary mantles to melt for prolonged time periods, in
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addition to the additional greenhouse forcing of the atmosphere.
Rapid energy loss on more temperate orbits could result in these
magma-ocean phases being relatively short, although different
atmospheric compositions can induce a blanketing effect that
extends the magma-ocean phase for much longer (T. Lichtenberg
et al. 2021). The presence of a magma ocean adds an emerging
feedback effect to the atmosphere’s equilibrium composition,
namely the solubility of gases into liquids, which allows for
efficient volatile exchange between interior and atmosphere (e.g.,
L. Schaefer et al. 2016; L. Schaefer & L. T. Elkins-Tanton 2018;
D. J. Bower et al. 2019, 2022; P. A. Sossi et al. 2023), and
critically links the amount of greenhouse gases in the atmosphere
to the total amount of melt present in the deep interior (T.-A. Suer
et al. 2023; T. Lichtenberg & Y. Miguel 2025). Considering the
coupled feedback between magma oceans and their overlying
atmosphere is therefore essential for understanding the climate
and geological regimes of rocky planets, which cannot be
captured by atmosphere-only models.

Incorporating more volatiles is necessary because pure-
steam atmospheres are an extreme end-member case of
oxidized planets—such as the present-day Earth—where low
C/H ratios and high oxygen fugacities are the norm. The wide
array of observed exoplanet systems makes it essential to
model more diverse compositions applicable to a wider range
of planetary systems.

Lastly, considering surface-temperature dependency is
crucial for determining atmospheric equilibrium composition
and the outgoing radiation. Equilibrium chemistry and the
solubility of volatiles in the magma ocean are both determined
based on temperature and pressure at the surface. Previous
models considered mostly pure-steam compositions and
studied deviations from this scenario, allowing for no
interior—atmosphere volatile exchange (assuming planets with
a completely solid surface). This likely does not fully capture
the role of surface temperature on the equilibrium composition
of the atmosphere, and hence the OLR. However, for a
multispecies atmosphere above a hot and molten surface, this
temperature dependency is expected to play a more significant
role in the established atmosphere due to complex equilibrium
chemistry and interior—atmosphere volatile exchange.

Therefore, we here study the dependency of the runaway
greenhouse limit on atmospheric conditions that arise from
interaction with the planetary interior. We aim to understand
how the outgassed secondary atmosphere’s composition,
temperature, and pressure affect the OLR, and hence the
distinction between potentially habitable and thermally hot
climate states (A. Salvador et al. 2023; T. Lichtenberg &
Y. Miguel 2025).

In Section 2, we describe the methods of our study. The
results are presented in Section 3, with additional data taken
from the model to portray a broader picture of the observed
concepts. We discuss their significance, implications, and
limitations in Section 4, and conclude in Section 5.

2. Methods
2.1. Overview of Methods

In this study, we combine equilibrium chemistry, volatile
solubility, and atmospheric thermodynamics and radiative
transfer calculations in order to examine the relation between
the OLR and the oxidation state of the mantle. We model these
planets with multispecies atmospheres located above a magma
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ocean. For the atmospheric temperature profiles, we stay as
close as possible to the main assumptions applied in previous
works which have studied the runaway greenhouse limit. Here
we outline the procedure we follow within these models.

With the aim of extending upon the pure-steam atmospheric
model, we make use of several components of PROTEUS,” a
coupled atmosphere—interior framework that models the evol-
ution of rocky planets, which is derived from T. Lichtenberg et al.
(2021) and has been significantly modified by H. Nicholls et al.
(2024a, 2024b). This framework includes the JANUS atmo-
spheric module,* which is a 1D prescribed atmosphere model of
convective planetary atmospheres (R. J. Graham et al. 2021,
2022), and the CALLIOPE outgassing module,” which is built on
the methods of D. J. Bower et al. (2022) and O. Shorttle et al.
(2024). JANUS calculates atmospheric temperature and radiative
fluxes according to surface volatile partial pressures determined
by CALLIOPE.

2.2. Equilibrium Chemistry

Assuming fixed H-C-N abundances and surface oxygen
fugacity (which essentially defines the abundance of atmo-
spheric oxygen), the atmosphere’s surface composition and
pressure can be calculated. Equilibrium chemistry includes the
following redox reactions and their corresponding equilibrium
constants K., (from JANAF and IVTANTHERMO; M. Chase
1998; L. Schaefer & B. Fegley 2017):

H, + 0.50, = H,0, )
log Koq = 2030 X100 13155 ®)
CO + 050, = CO,, 3)

log Ko = 2348 X107 468, )
CO, + 2H, = CH, + Oy, ©)
log Koq — 24738 X 10° 46076, 6)

Subject to these reactions, the dissolved volatile abundance
is calculated using empirically derived solubility laws. The
solubility constants for each volatile are taken from different
solubility models, which are experimentally determined
(T.-A. Suer et al. 2023). For H,O, we use the solubility model
of P. A. Sossi et al. (2023), which assumes a peridotite type of
molten rock. Solubility models based on a basaltic type of
molten rock are used for CO, (J. E. Dixon & V. Pan 1995), CO
(L. S. Armstrong et al. 2015), N, (G. Libourel et al. 2003;
R. Dasgupta et al. 2022), and CH, (P. Ardia et al. 2013). The
solubility of Hj is not considered in this model since compared
to the solubility constant of H,O, that of H, is more than 2
orders of magnitude lower (M. M. Hirschmann et al. 2012;
Y. Li et al. 2015), making it negligible (D. J. Bower et al.
2022).

Newton’s method is then applied to obtain the accurate
corresponding atmospheric partial pressures that satisfy mass
conservation of the input elemental abundances, equilibrium
chemistry, and dissolution into the magma ocean. For a more
detailed explanation of this, we refer to D. J. Bower et al. (2022).

> hutps: //github.com/FormingWorlds/PROTEUS
* hups: //github.com/FormingWorlds /JANUS
> https://github.com/FormingWorlds/CALLIOPE
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With the obtained equilibrium composition conditions at the
surface, the 7P profile of the atmosphere is determined with
JANUS, utilizing the multicomponent nondilute pseudoadiabat
of R. J. Graham et al. (2021). We assume full rain-out of
condensable species in the atmosphere.

2.3. Radiative Transfer

Given the atmospheric equilibrium composition and 7-P
profile, radiative transfer calculations are applied to calculate
the OLR. We use the JANUS module for this, which makes use
of the atmospheric radiative transfer code SOCRATES (“Suite
Of Community Radiative Transfer codes based on Edwards
and Slingo”; J. M. Edwards & A. Slingo 1996). SOCRATES
solves the radiative transfer equations via the two-stream,
correlated-k, and plane-parallel approximations. A more
extended description can be found in T. Lichtenberg et al.
(2021). Under these assumptions, the OLR is independent of
the incoming stellar radiation. Opacity coefficients are taken
from the HITRAN2020 database, making use of all available
line and collision absorption coefficients for H,O, H,, CO,,
CO, CH4, and N, (I. E. Gordon et al. 2022; E. J. Mlawer
et al. 2023).

We neglect the effects of Rayleigh scattering, clouds/hazes,
and the potential effects of a stratosphere in order to enable a
like-to-like comparison with central previous works. The lack
of a stratosphere assumes that the atmosphere is convective
throughout and the temperature decreases monotonically with
height (H. Nicholls et al. 2024b). We discuss the impact of
these assumptions in Section 4.3.

2.4. Modeling Scenarios

For a given input of H, C, and N abundance, redox state, and
melt fraction of the mantle, we determine the OLR,
equilibrium composition, and 7—P profile of the corresponding
atmosphere that is established in equilibrium above a magma
ocean. This model is used to obtain the data presented in
Section 3 and archived on Zenodo for reproduction purposes.’®

Throughout this paper, the redox state is consistently
expressed on a decadic logarithmic scale relative to the iron-
wiistite buffer, which is the equilibrium reaction between iron
(Fe) and wiistite (FeO) at given P-T conditions (see, e.g.,
T. Lichtenberg et al. 2023; A. Salvador et al. 2023).
Henceforth, we will denote log;o(fO,/IW) as AIW £ X for
simplicity. To study the redox dependency of the OLR, the
oxygen fugacity (a proxy for mantle redox state) is varied over
a range of AIW + 4 (indicating an oxidized state close to the
Earth’s lithosphere at present day) to AIW — 4 (indicating a
reduced state, closer to core-forming conditions or Mercury’s
surface at the present day). Throughout this paper, we simulate
various atmospheres by varying parameters that represent the
H abundance in terms of Earth’s oceans (in mole), the C
abundance in terms of C/H ratio, and the N abundance (in
parts per million weight, ppmw) relative to the mantle mass.
Default values of these parameters are often used; when
emphasis is placed on one specific parameter, values of the
other parameters are set to a default value. These default
values are based on Earth: [H]=1 ocean, [C/H]=1,
[N] = 2.8 ppmw, and fO, = AIW + 4.

® doi: 10.5281/zenodo.15041981.
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Figure 1. T-P profiles showing the atmospheres established at various surface
temperatures (line color) and redox states (line style). The steep line that all
profiles follow in the upper atmospheres is due to the saturation vapor pressure
curve. Saturation vapor pressure curves of different included volatiles are
shown with dotted lines (R. T. Pierrehumbert 2010). At deeper levels (higher
pressures), the profiles follow different dry adiabatic lapse rates, which are
minorly sensitive to atmospheric composition. These results are obtained with
the open degassing scenario of Figure 2, where composition varies with
temperature.

The influence of the surface temperature and the redox state
on the atmospheric thermal structure is shown in Figure 1: 7-P
profiles are presented corresponding to different mantle redox
states and surface temperatures. Different combinations of
redox state (through the oxygen fugacity) and surface
temperature result in different temperature profiles, implying
different radiative behavior through the location of the
photosphere and the saturated region of the atmosphere, as
described in Section 1. The redox dependency of these T-P
profiles is set by the redox dependency of the equilibrium
composition, which will be discussed later in Section 3.
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Figure 2. Illustration of the two different degassing scenarios used in this work, which bracket the potential pathways of mantle melting and crystallization of
planetary evolution. The range of orange colors corresponds to temperatures as defined on the bottom abscissa. The figures contain 7—P profiles, shown in black, with
a surface temperature as defined by their lowermost end point; the corresponding blackbody radiation curves are presented by striped lines in shades of orange and
their radiance intensity and wavelength range are defined on the upper abscissa and right ordinate (in orange text). The black arrows denote the interaction between
the atmosphere and the planetary mantle when determining the equilibrium composition of the atmosphere, as described in Section 2. (A) The quenched scenario is
representative of a case where the primordial magma ocean equilibrates last with the atmosphere above the liquidus, i.e., when the entire mantle is molten. In this
case, the chemical systems of the mantle and atmosphere are assumed to be “closed” and no further in- or outgassing is taking place at lower surface temperatures.
(B) The open scenario represents the opposite end-member assumption: (partially) molten mantle and atmosphere are allowed to equilibrate at all surface
temperatures, i.e., in- and outgassing is taking place over the whole temperature range, and the mantle is assumed to be an open system toward the atmosphere.

To study the significance of the surface-temperature
dependency of the equilibrium chemistry, we outline two
different scenarios. For each run of set parameters of H, C, and
N abundance and the redox state, we determine two different
equilibrium compositions using these two scenarios, and
calculate the OLR for both. The two different scenarios are
the quenched and open degassing scenarios, which are
illustrated in Figure 2. The difference between these two
scenarios is the surface temperature used to determine the
composition of the atmosphere. The quenched scenario
(Figure 2, left) involves modeling an atmospheric composition
which is independent of changes in the surface temperature,
similar to the approach adopted in previous models; in this
scenario we use a fixed temperature of 2000 K, as seen in
Figure 2. However, the OLRs for the quenched scenarios are
still calculated for the whole range of surface temperatures, but
using this specific quenched atmospheric composition. In these
cases, the surface temperatures impact the OLR through the
atmospheric temperature profile’s control over the radiative
fluxes. The surface radiance is determined with a blackbody
radiation curve. For the open scenario (Figure 2, right), we set
the model to redetermine the composition of the atmosphere
that allows the system to be self-consistently in equilibrium
with each surface-temperature value. Consequently, for each
surface temperature the OLR is calculated based on an
atmosphere composition consistent with the surface temper-
ature through the equilibrium chemistry of the volatiles (see
Section 3.2). Therefore, for the OLR calculation using the

open scenario, the utilized equilibrium gas composition is
dependent on the change in surface temperature. We discuss
the implications and limitations of this approach in Sections 4
and 4.3.

3. Results

First, we show how the OLR behavior changes when
deviating from the previous pure-steam assumption. Second,
we describe the redox dependency of the equilibrium atmo-
spheric composition. Finally, we highlight the OLR behavior
of different climate regimes across redox states, element
inventory, and their surface-temperature dependency. All
figures include the OLR curve from R. K. Kopparapu et al.
(2013) to indicate the differences introduced by our modeling
with JANUS with respect to the previously studied pure-steam
cases.

3.1. Influence of Mantle Melt Fraction on Thermal Limit

We first test the JANUS model under the pure-steam
assumption, with results compared to literature values from
R. K. Kopparapu et al. (2013) and the adiabatic case from
F. Selsis et al. (2023). Figure 3(A) shows the dashed blue line
for JANUS aligned closely with other models from 300 to
2000 K, where a constant OLR can be observed across this
range—the key characteristic of the runaway greenhouse limit.
Beyond 2000 K the models diverge slightly, with the OLR
calculated by F. Selsis et al. (2023) increasing beyond 1950 K,
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Figure 3. 7-P profiles showing the atmospheres established at various surface temperatures above a planetary interior with different melt fractions (line color).
Outgoing long-wave radiation (OLR) for various surface temperatures, melt fractions, and chemical equilibrium compositions. (A) Pure-steam atmospheres above
planetary interiors with different melt fractions of 0% (blue), 50% (orange), and 100% (red), with [H] = 1 Earth ocean, [C/H] = 0, [N] = 0 ppmw of the mantle
mass, and fO, = AIW + 4. Pure-steam cases from the models of R. K. Kopparapu et al. (2013, green dashed—dotted line) and F. Selsis et al. (2023, yellow dashed—
dotted line) are shown for comparison with a solid-surface case (blue dashed line). (B) Cases with chemically equilibrated compositions in the H-C-N system above
planetary mantles with different melt fractions, with [H] = 1 ocean, [C/H] = 1, [N] = 2.8 ppmw, and fO, = AIW + 4. Models from (A) are shown for comparison
purposes as faint dashed lines. Note that the blue dashed and solid lines almost completely overlap. (C) 7—P profiles of the three pure-steam atmospheres with
different planetary interior melt fractions (line color) shown in (A) at surface temperatures of 500 K, 1500 K, and 2500 K (line type). (D) T—P profiles of the three
mixed-composition atmospheres with different planetary interior melt fractions (line color) shown in (B) at surface temperatures of 500 K, 1500 K, and 2500 K

(line type).

while JANUS and R. K. Kopparapu et al. (2013) increase
beyond 2000 K. At 2450 K, JANUS further deviates, with
an OLR difference of up to 100Wm ? from F. Selsis
et al. (2023).

Looking further into the pure-steam case (Figure 3(A)), one
can see that the relation between the OLR and the surface
temperature changes significantly when the surface underneath
the atmosphere is (partly) molten (see dashed orange and red
lines). In these cases the OLR increases beyond the runaway
limit at much lower temperatures: approximately 500 K for the
fully molten case and 750 K for the 50% melt fraction case.
The variation in melt fraction yields different surface pressures
because the molten interior serves as a dissolution sink for
volatiles. This is shown in Figure 3(C), where planetary
interiors with a higher melt fraction consistently result in

atmospheric structures with lower (surface) pressures (see
solid orange and red lines). The three displayed melt fraction
cases in Figure 3(A) have thus different surface pressures: at
500 K the 0% melt fraction yields 269 bar, 50% yields 1.5 bar,
and 100% gives 0.4bar. For all three cases, the surface
pressure shows a minimal variation with temperature (for a
given melt fraction): from 500 to 3000 K, the maximum
decrease of surface pressure is ~1.5%. This decrease in total
surface pressure for an increasing melt fraction is caused by H
being increasingly partitioned into the mantle by the solubility
law and therefore being less present in the atmosphere, which
results in a substantially changed atmospheric structure and
hence OLR. These low pressures for atmospheres overlying
the molten interiors do not allow for condensation in the
atmosphere and are inefficient at absorbing radiation emitted
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from the surface of the planet, thereby generating much larger
OLR values for a given surface temperature compared to the
0% melt fraction case.

When C and N are included in the planet’s volatile
inventory, other volatiles beside H,O are formed in the
atmosphere: CO,, CO, H,, CHy, and N,. The results from these
more mixed-composition models (2.8 ppmw of N, C/H=1,
AIW + 4) are shown in Figure 3(B). The pure-steam results
from are shown as dashed lines in this panel for comparison,
highlighting how the addition of further compounds affects the
OLR of molten cases. At 500 K, a solid interior results in a
surface pressure of 240 bar with an H,O-dominated atmos-
phere; at 50% and 100% melt fractions, the surface pressure
drops to 97 bar and 84 bar, respectively, with CO, being the
dominant gas. Unlike in the pure-steam case, atmospheric
surface pressures vary with surface temperature, reaching
376 bar for 0% melt fraction, 95 bar for 0% melt fraction, and
82.7 bar for 100% melt fraction at 2000 K. The molten surface
conditions in case (B) that include a mixed atmospheric
composition do not exhibit an OLR plateau at all. However,
the OLR-temperature relationship for solid surfaces remains
unchanged between the (A) and (B) cases, except below
500 K, where the (B) case shifts the OLR to smaller values
between 300 and 500K, deviating from the solid-surface,
pure-steam case. This shift occurs because, below 500 K, the
mixed-composition atmosphere has a cooler temperature
profile than the pure-steam atmosphere at similar pressures
(as shown in Figure 1). As the pure-steam atmosphere follows
the saturation vapor pressure curve of H,O aloft, it remains
hotter, resulting in higher OLR values.

3.2. Equilibrium Atmospheric Composition Degassed from a
Magma Ocean

A significant parameter in the formation of the atmosphere
is the redox state of the planetary interior. When the mantle is
in an oxidizing state, more O-rich molecules (here, H;O and
CO,) will form than O-poor molecules (N5, H,, CO, and CHy).
The atmospheric composition primarily determines the
radiative behavior of a planet, hence we first study how the
redox dependency affects the equilibrium composition. The
sensitivity of the atmospheric composition to the redox state
and surface temperature (through the equilibrium chemistry as
explained in Section 2.2) of a fully molten planetary mantle is
shown in Figure 4. The most significant feature of this
composition map is the variety in dominant species across the
range of redox states and surface temperatures, where, due to
the strong solubility of H, none of the modeled atmospheres
are dominated by H,O, a feature of magma ocean—atmosphere
equilibration that was pointed out before by D. J. Bower et al.
(2022) and P. A. Sossi et al. (2020, 2023). Atmospheres with
similar dominant species exhibit surface pressures within
comparable ranges. The dependency of the atmospheric
composition on the equilibrium chemistry leads to a wide
range of atmospheric compositions. Under oxidizing condi-
tions (AIW + 0 to AIW + 4), CO,-dominated atmospheres are
prevalent across a broad range of temperatures, with total
surface pressures typically between 79 and 84 bar. For more
reducing conditions between AIW —2 and AIW + 0, out-
gassed atmospheres with surface temperatures above 1000 K
are generally dominated by CO, with total surface pressures
ranging from 65 to 74 bar. Moderately oxidizing outgassed
atmospheres (AIW + 2) at high temperatures may also be CO
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dominated above 2000 K. CH4-dominated atmospheres occur
in reducing conditions (AIW —4 to AIW 4 0) at 500 and
100K, with total surface pressures ~41 bar (ranging from
40.28 to 42.28 bar). H,-dominated atmospheres appear at
AIW — 4 and temperatures above 2000 K; these atmospheres
are primarily composed of CO and H,, with total surface
pressure negatively correlated with the mixing ratio of CO
(due to its higher molar mass than H,). Overall, H,O is nearly
absent in all atmospheres, and N, appears only in oxidizing
atmospheres in small quantities. N is hardly present within the
most reduced atmospheres we have considered (AIW — 4) due
to the high solubility of nitrogen species in magma at reducing
conditions (O. Shorttle et al. 2024); for more oxidizing
atmospheres, N, remains only in small quantities due to the
input volatile budget of N being relatively low compared to the
input volatile budgets of C and H (H. S. Wang et al. 2018).

3.3. Vanishing Thermal Limit from Magma Ocean—
Atmosphere Coupling

The sensitivity of atmospheric composition to the planetary
oxidation state has a significant effect on the possible climate
state of rocky planets, as shown in Figure 5. In this figure, we
analyze the impact of outgassing temperature on the OLR
using the quenched (dashed lines) and open (solid lines)
degassing scenarios from Figure 2.

Focusing first on the open scenario (solid lines), all the OLR
curves in Figure 5 show an increase in OLR with increasing
surface temperature, although none of the cases exhibit an
OLR plateau. All panels show OLR curves that start at a lower
OLR value relative to the R. K. Kopparapu et al. (2013) model,
but surpass the pure-steam thermal limit at surface tempera-
tures ranging from approximately 900-1750 K, then rapidly
increasing above the thermal limit. Various panels show an
inflection point after which the OLR curves undergo a boost to
their increasing rate, resulting in the OLR curves showing
different behavior across the surface temperature.

With varying elemental abundances of H, C, and N,
different atmosphere compositions show different character-
istic radiative behavior. In the case of C-abundance variations
(Figures 5(A), (B), (C)), we see that higher C/H ratios lead to
lower OLR values across all redox states. At AIW — 4, higher
C/H ratios show first a relative shallow increase in OLR,
followed by a rapid increase in OLR above approximately
1500 K. For AIW + 0 and AIW + 4, the rate of increase is
more gradual.

H-abundance variations (Figures 5(D), (E), (F)) show that
larger amounts of hydrogen result in lower OLR values across
all redox conditions. At AIW — 4, OLR exhibits an inflection
point where it begins to increase rapidly. This inflection shifts
to higher temperatures as H abundance increases. At AIW + 0
and AIW + 4, a similar pattern is observed, but the onset of
rapid OLR increase occurs at different temperatures depending
on the H abundance.

Lastly, when varying N abundance (Figures 5(G), (H), (I)),
the effect on OLR is less pronounced compared to H and C. At
AIW — 4, a similar initial shallow increase of OLR is seen, but
overall OLR increases steadily with temperature across all
redox conditions. Variations in N abundance cause only minor
deviations in OLR, particularly at lower temperatures, while
the effect is minimal at higher temperatures.

Considering the differences between the quenched and open
scenarios, the surface-temperature dependency of the OLR
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is used.

becomes more clear. The quenched OLR curves (dashed) in
Figure 5 for AIW — 4 generally follow the same pattern as the
open curves (solid) at lower temperatures, but at a reduced
OLR level, with a maximum deviation of 75 W m 2 at 600 K.
The curves converge around 1500K and remain nearly
identical at higher temperatures. In general, for certain
atmospheres the quenched curves show lower OLR at lower
temperatures and converge with the open curves around
1500 K. However, for higher H abundances convergence
occurs at 1750 K. The deviation in OLR between the quenched
and open curves is more pronounced for variations in H
abundances (Figures 5(D), (E), (F)) than for C/H ratios or N
abundances (Figures 5(A), (B), (C), (G), (H), ().

For AIW + 0, quenched curves show generally higher OLR
levels compared to the open curves, with inflection points
at around 1500K across all figures. Again, H-abundance
variations display greater deviations between the two scenarios
compared to C/H and N-abundance cases.

4. Discussion

Figure 3 validates our JANUS atmosphere model by the
comparison of its results with previous work, demonstrating
that it reproduces the pure-steam OLR limit. The minor
deviations from the R. K. Kopparapu et al. (2013) and F. Selsis
et al. (2023) models likely stem from JANUS using a surface-
temperature-dependent equilibrium composition (open sce-
nario), while the reference models use a constant surface
pressure of 270 bar. Additionally, the models use different
linelists and heat capacities. Despite these differences, the
alignment of the OLR curves demonstrates sufficient accuracy
and reliability for the use cases in this study.

4.1. The Absence of a Thermal Radiation Limit
4.1.1. Influence of a Magma Ocean

The addition of a magma ocean underneath the atmosphere
adds additional physics and chemistry to the model system.
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Figure 3 shows that the dissolution of volatiles in the magma
ocean can be significant, and the melt fraction of the mantle
can thereby strongly influence the relation between the OLR
and the surface temperature.

The effects of changing the mantle melt fraction are shown
in Figure 3 and can be explained by the resultant differences in
atmospheric composition and 7—P profile. Dissolution of
volatiles into the underlying magma ocean significantly
changes the surface pressure. The pure-steam case with a
solid mantle has an average surface pressure of 269 bar,
whereas a fully molten mantle obtains an average surface
pressure of 0.4 bar, representing an extremely thin atmosphere.
The absorption of radiation by the atmosphere influences how
much radiation will escape to space. This explains why the
atmospheres located above a magma ocean radiate signifi-
cantly more energy to space at these lower temperatures
compared to the models without volatile dissolution into a
magma ocean.

The OLR curves do not change linearly with the melt
fraction. This is related to the nonlinear behavior of the

temperature profiles of the atmosphere. A larger melt fraction
allows for more volatiles to dissolve in the mantle, hence
lowering the partial pressure of that volatile and therefore the
total pressure in the atmosphere. However, this does not
translate directly to the upper atmosphere—where the photo-
sphere is approximately located—because of the nonlinear
shape T(p) of the pseudoadiabatic temperature profiles.

The atmospheres of mixed composition (Figure 5) do not
first attain super-runaway OLR fluxes at the same surface
temperatures. Lower melt fractions (corresponding to larger
surface pressures) transition into a post-runaway state at higher
temperatures because the region of moist convection is much
deeper, which requires higher temperatures for the dry adiabat
to span to the radiating level. Given that a terrestrial planet
starts with a magma ocean (and a large melt fraction), this
implies that it could spend more time in a post-runaway state
than previously thought (compare the red and blue curves in
Figure 3(A)). These higher long-wave fluxes could result in a
shorter cooling timescale, although evolutionary calculations
are required to explore this further.
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4.1.2. Mixed Atmospheric Compositions

Comparing the pure-steam (panel (A)) and mixed-composi-
tion (panel (B)) graphs in Figure 3, we can see that the pure-
steam atmosphere is relatively more sensitive to the mantle
melt fraction. This is because its atmosphere consists wholly of
H,0, which is significantly more soluble in magma than the
other volatiles modeled in this work (T.-A. Suer et al. 2023).
Since the mixed-composition atmospheres feature a relatively
lower abundance of H,0, these scenarios are less affected by
melt fraction variations. For the pure-steam cases, this strong
sensitivity to dissolution into the interior results in a stronger
decrease in opacity with respect to the atmospheres with a
mixed composition. Incorporating a more diverse set of
volatiles introduces more complexity in contrast to the pure-
steam atmosphere. The addition of other volatiles increases the
sensitivity of atmospheric conditions (surface pressure and
composition) to surface temperature and melt fraction, leading
to large changes in OLR, as shown in Figure 3. The strong
infrared opacity and relatively high dew point temperature of
steam—both of which are fundamental to generating the
radiation plateau of the canonical runaway greenhouse—are
both undermined by the introduction of a partially molten
surface (which readily dissolves the H,O) and the addition of
other volatiles into the gas mixture (which do not have the
same radiative and thermodynamic properties as H,O). These
differences are central to understanding why the thermal
radiation limit is not present for atmospheres of mixed
composition.

The impact of H-, C-, and N-abundance variations on OLR
varies in magnitude. Increasing H abundance lowers OLR for a
given surface temperature due to higher atmospheric opacity—
largely through the collisional absorption of H, (H. Nicholls
et al. 2024a)—as reflected in the rightward shift of the OLR
curve in Figures 5(D), (E) and (F). C-abundance variations
(Figures 5(A), (B), (C)) show less shift, partly because the C/H
ratio is based on a fixed H abundance of 1 Earth ocean, whereas
the H abundance—which is varied independently—spans a
wider range of 1-10 oceans. Additionally, the preferential
formation of CO or CO, results in more similar equilibrium
compositions across C abundances, decreasing variation in
radiative behavior.

The studied range of N variations, given in ppmw relative to
the mantle mass, has no significant impact on the OLR due to
relatively smaller variation over concentrations and the absence of
other nitrogen-bearing species like NH; that have some infrared
opacity. In contrast to N, our model does include oxidizing H and
C species, which substantially add to the atmospheric opacity.
Several factors contribute to the opacity, including the additional
transitions that are associated with the oxygen bonds in H,O and
CO,. Additionally, an increase in the pressure leads to larger
opacities due to collisional absorption and pressure-broadening of
the lines. This factor additionally contributes to the result showing
lower OLR values for the higher element inventories of H and C.
Finally, the collision-induced absorption of CO is unknown
(I. E. Gordon et al. 2022), which thus represents an empirical
bottleneck for studying magma-ocean climates at reduced
conditions.

4.1.3. Temperature Dependency of the Atmospheric Composition

As discussed in Section 3, the OLR is dependent on the
surface temperature used for equilibrium chemistry, especially
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under reduced conditions at temperatures below 1500 K. The
differences between the quenched and open scenarios at these
temperatures can be attributed to the composition of the
atmosphere. Lower-temperature cases allow for deeper regions
of moist convection in the atmosphere and associated rain-out
of volatiles. Once a volatile condenses within a given layer of
the atmosphere, cold-trapping means that it has a volume
mixing ratio of zero at that level and above, meaning that it
does not contribute to the radiative transfer in those regions.

This is consistent with the results in Figure 1, showing deep
regions of moist convection at higher pressures for atmo-
spheres established at lower surface temperatures. Results
presented under the open scenario differ from those of the
quenched scenario, because the former scenario calculates the
gas composition self-consistently with the surface temperature,
whereas the latter fixes the composition to that corresponding
to 2000 K. This results in different OLR curves between the
two scenarios, all else equal, and thereby highlights the
importance of a temperature-dependent calculation of volatile
speciation from an underlying magma ocean.

The same principle applies to redox variations. The redox
state influences the equilibrium atmospheric composition (see
Figure 4), controls the specific 7-P profile (see Figure 1) and
simultaneously the phase (i.e., condensed or vapor) of the
volatiles, and consequently the OLR. The redox state of the
underlying planetary mantle is therefore also a significant
factor in determining an atmosphere’s radiative behavior, as
previously shown by H. Nicholls et al. (2024a).

There are smaller differences in the OLR fluxes between the
open and quenched scenarios at higher temperatures, which
suggests that the composition of the atmosphere has less
impact on the OLR in this regime. This is because at higher
surface temperatures the atmospheric temperature profiles
generally follow a dry adiabat—as can be seen in Figure 1—
meaning that condensation is not occurring, hence the radiative
behavior of the atmosphere is less affected by any difference
between the compositions based on the two different scenarios.
The dry adiabatic lapse rate is minorly controlled by the
composition of the atmosphere—through the difference in
specific heat capacity and mean molecular weight—but this is
a second-order effect compared to the role of moist convection
(R. T. Pierrehumbert 2010; F. Selsis et al. 2023).

In general, reduced atmospheres (AIW — 4) yield a lower
OLR using the quenched scenario with respect to the open
scenario, and oxidized atmospheres (AIW +4) result in
similar OLR for both scenarios. This pattern is explained by
Figure 4, which shows how equilibrium compositions change
with surface temperature and redox state. For AIW + 4, the
atmosphere remains CO, dominated at all temperatures,
resulting in similar OLR for both cases. In contrast, at
AIW + 0, the composition shifts from CO, to CO and CHy
dominance as temperature decreases, affecting radiative
behavior. This is a result of the temperature dependence of
the carbon redox reactions modeled in this work.

4.2. Implications

The runaway greenhouse threshold that arises from a pure-
steam atmosphere is absent when an underlying magma ocean
and redox-dependent atmospheric composition are modeled
self-consistently. With the absence of this thermal limit, the
inner edge of the classical habitable zone can no longer be
defined based solely on irradiation from the host star: The
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surface habitability of rocky planets also strongly depends on
the composition of the atmosphere set by the volatile
endowment of the planet, and the phase and redox state of
the underlying mantle. Determining surface liquid-water
conditions requires detailed knowledge of the atmosphere’s
composition and temperature profile, and cannot be tied simply
to the instellation that a planet receives. This suggests that
initially molten planets cooling down from a magma-ocean
episode after planetary formation cannot be divided into
irradiation-based orbital zones (e.g., S. R. Kane et al. 2021;
M. Turbet et al. 2023). Previous climate models (including
global climate models) similarly have found varying influences
on the thermal radiation limit due to various processes,
such as clouds, additional background gases, and variable
rotation rate (R. Pierrehumbert & E. Gaidos 2011; J. Yang
et al. 2013; R. M. Ramirez & L. Kaltenegger 2014, 2017,
2018; D. D. B. Koll & T. W. Cronin 2019; R. M. Ramirez
2020; I. Bonati & R. M. Ramirez 2021; M. Turbet et al. 2021;
G. Chaverot et al. 2022; F. Selsis et al. 2023; M. Turbet
et al. 2023).

Critically, however, none of these studies so far has
included the implications of a dominantly molten surface
and redox-dependent chemistry on the outgoing steady-state
radiation. Rocky planets form in highly energetic states due
to the release of gravitational potential energy, giant impacts,
tidal heating, and radiogenic heating during planetary
formation (S. Krijt et al. 2023; T. Lichtenberg et al. 2023).
Therefore, whether planets form a potentially habitable surface
and climate is determined by if and how they transition from a
hot to a colder and more temperate state. Our simulations
including molten mantles exhibit no trend of a radiation limit,
and hence a simplistic classification by irradiation must be
assessed in the full compositional and energetic parameter
space possible for rocky planets. Given the strong redox
dependence of greenhouse limits, future studies should explore
the effects of H, C, and N abundances, oxygen fugacity, and
stellar radiation on resultant atmospheric equilibrium compo-
sition and radiation environment.

The dependence of OLR on the composition and melt state of
a planet will likely impact the cooling rate of its mantle. When a
thermal limit is present, the OLR is independent of surface
temperature, allowing planets to cool down as soon as the
incoming stellar radiation is low enough. However, in our
models OLR varies with temperature, which can either speed up
or slow down magma-ocean cooling with respect to the magma-
ocean cooling rate of an atmosphere with a thermal limit. For
instance, hydrogen-rich atmospheres with lower OLR values
could prolong the magma-ocean phase, while oxidized, carbon-
poor atmospheres may shorten it. In recent years, several studies
have started to explore a wider compositional range of magma
ocean and climatic evolution (T. Lichtenberg et al. 2021;
D. J. Bower et al. 2022; J. Krissansen-Totton et al. 2024). The
results presented here underline that models considering only
the climatic effects of a fixed atmospheric composition cannot
assess the interdependent feedback between the planetary
interiors and atmospheres.

Tighter synchronization with exoplanet surveys is thus
required to test the complex feedback between exoplanet
interiors and atmospheres, and enable conclusions on planetary
surface conditions based on astronomical observables. For
example, previous models have suggested that steam runaway
greenhouse states should lead to significant inflation of the
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atmospheric scale height (M. Turbet et al. 2020), which can be
tested with the near-future PLATO survey (M. Schlecker et al.
2024). However, our results here predict that such a relation-
ship should not exist, as interior dissolution and variable redox
states will affect the equilibrium climate state of the variety of
rocky exoplanets by orders of magnitude, effectively erasing
this signature. In order to test our understanding of the early
climatic evolution of rocky exoplanets, observations of the
early transient magma-ocean epoch of young planets are thus
critical (I. Bonati et al. 2019; L. Cesario et al. 2024).

4.3. Limitations

Our study uses steady-state simulations to model the
interaction of a planet’s climate and its interior, making a
number of simplifying assumptions. First, in order to enable a
like-to-like comparison to previous climate models that were
used to establish the runaway greenhouse hypothesis, we
assume the atmosphere to be fully convective, following the
multispecies moist pseudoadiabat derived by R. J. Graham
et al. (2021), and ignore the potential formation of a
stratosphere, Rayleigh scattering, and clouds. Clouds can
either inhibit or enhance outgoing radiation by increasing
opacity or reflecting incoming radiation (E. Marcq et al. 2017),
whereas Rayleigh scattering will also contribute to the
outgoing radiation by scattering incoming stellar radiation
back to space. However, with less radiation reaching the
surface, this also results in a smaller temperature increase at
the surface, and therefore less radiation coming from
the surface that will be transferred toward the top of the
atmosphere. Ultimately, these assumptions are limiting the
applicability of our models to the wide phase space of
exoplanets; however, for canonical habitable-zone-like irradia-
tions and orbits these are assumptions comparable to other
works in this area. F. Selsis et al. (2023) challenged the
assumption of a convective lower atmosphere, arguing that the
equilibrium state of a steam atmosphere should lead to a
solidified surface. Our study here cannot assess the impact of
radiative zones, and thus cannot be directly compared to these
results. However, F. Selsis et al. (2023) ignore the dissolution
of volatiles into the magma ocean at early times, hence
their atmospheric conditions are arbitrarily chosen. Future
work shall evaluate the intimate relation between magma-
ocean crystallization, degassing, atmospheric convection, and
radiation.

Finally, our main results, which model the dissolution of
volatiles, assume a mantle melt fraction of 100%, which is a
simplification that impacts our results at temperatures below
1200-1400 K, when basaltic rocks are expected to crystallize.
However, in petrologically motivated models of magma-ocean
crystallization, the surface temperature and melt fraction of the
mantle decouple (S. Labrosse et al. 2007; C. E. Boukaré &
Y. Ricard 2017; T. Lichtenberg et al. 2021; D. J. Bower et al.
2022; K. Moore et al. 2023), and hence a mapping between
surface temperature and melt fraction is not straightforward.
Future work is required to establish self-consistent models to
test against experimental results and exoplanet observations.

5. Conclusions

Previous models based on pure-steam atmospheres (or slight
variations thereof) have traditionally defined the inner edge of
the habitable zone by analyzing the thermal runaway limit of
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outgoing long-wave radiation (OLR). Our study builds upon
these models by (i) incorporating the presence of a possible
magma ocean beneath the atmosphere, which allows the
volatiles to dissolve and relates the atmospheric composition
based on mantle oxidation state, (ii) expanding the range of
atmospheric compositions considered to include H,O, CO,,
CO, H,, CHy, and N,, and (iii) accounting for temperature-
dependent atmospheric chemistry.

Our study reveals a substantial revision in the relationship
between OLR and surface temperature compared to pure-
steam and atmosphere-only models. Specifically, we observe
that atmospheres with multispecies compositions situated
above magma oceans do not exhibit a runaway greenhouse
threshold at all. This is in contrast to the previously considered
pure-steam cases and atmosphere-only models that have
previously perturbed the composition relative to this canonical
steam case. This insight strongly challenges the conventional
notion of using stellar irradiation and OLR only to define
orbital regions where liquid water would be possible on the
surface of exoplanets. Moreover, our results emphasize the
strong redox sensitivity of atmospheric equilibrium composi-
tion, in particular due to the dissolution of volatiles into the
planetary interior.

Our findings thus suggest that initially molten planets
evolve toward qualitatively different climate regimes than
nonmolten planets, suggesting a hysteresis effect in planetary
evolution that requires time-evolved models to bridge
exoplanet observations with planetary geophysics.
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