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A B S T R A C T 

Rock y e xoplanets accessible to characterization often lie on close-in orbits where tidal heating within their interiors is significant, 
with the L 98-59 planetary system being a prime example. As a long-term energy source for ongoing mantle melting and 

outgassing, tidal heating has been considered as a way to replenish lost atmospheres on rocky planets around active M-dwarfs. 
We simulate the early evolution of L 98-59 b, c, and d using a time-evolved interior-atmosphere modelling framework, with a 
self-consistent implementation of tidal heating and redox-controlled outgassing. Emerging from our calculations is a no v el self- 
limiting mechanism between radiative cooling, tidal heating, and mantle rheology, which we term the ‘radiation-tide-rheology 

feedback’. Our coupled modelling yields self-limiting tidal heating estimates that are up to two orders of magnitude lower than 

previous calculations, and yet are still large enough to enable the extension of primordial magma oceans to Gyr time-scales. 
Comparisons with a semi-analytic model demonstrate that this ne gativ e feedback is a robust mechanism which can probe a given 

planet’s initial conditions, atmospheric composition, and interior structure. The orbit and instellation of the sub-Venus L 98-59 

b likely place it in a regime where tidal heating has kept the planet molten up to the present day, even if it were to have lost 
its atmosphere. For c and d, a long-lived magma ocean can be induced by tides only with additional atmospheric regulation of 
energy transport. 

Key words: planets and satellites: atmospheres – planets and satellites: interiors – exoplanets – planetary systems. 
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 I N T RO D U C T I O N  

he interiors of rocky planets are thought to be initially molten due
o the large energy released during accretion (Warren 1985 ; Abe &

atsui 1986 ; Rubie, Nimmo & Melosh 2007 ; Lichtenberg & Miguel
025 ). These early ‘magma oceans’ subsequently cool through
hermal emission, and in many cases solidify (e.g. Earth and Venus).
o we ver, in some cases the interiors of rocky planets could be

ustained in a permanently molten state by a continuous input of
nergy sufficient to balance radiative cooling to space. This energy
alance is modulated by the radiative properties of any overlying
tmosphere (Elkins-Tanton 2008 ; Hamano et al. 2015 ; Nicholls
t al. 2024 ). A trivial case of a permanent magma ocean is where
eating by a planet’s host star is sufficient to raise the equilibrium
urface temperature of the planet beyond the solidus of its mineral
ssemblage (Boukare, Cowan & Badro 2022 ; Meier et al. 2023 ). One
uch case is the super-Earth 55 Cancri e, for which observations have
aised the possibility for the presence of a volatile-rich atmosphere
n outgassing equilibrium with a magma ocean (Demory et al. 2016 ;
u et al. 2024 ; Patel et al. 2024 ). Another potential factor in a
lanet’s energy budget is the interior dissipation of heat generated
 E-mail: harrison.nicholls@physics.ox.ac.uk 
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y tidal stresses from planet–planet and planet–star gravitational
nteractions (Driscoll & Barnes 2015 ; Hay & Matsuyama 2019b ;
uick et al. 2020 ). Sufficiently large tidal heating within the interiors
f close-in exoplanets could keep their mantles molten or allow
or ongoing volcanic activity (Henning, O’Connell & Sasselov
009 ; Kaltene gger, Henning & Sasselo v 2010 ; Ostberg et al. 2023 ;
eligman et al. 2024 ). The total power Ė dissipated by tides within a
lanet is known to strongly scale with a its radius R p , orbital period
 , and eccentricity e: Ė ∝ R 

5 
p P 

−5 e 2 (e.g. Segatz et al. 1988 ). 
Famously, heating within the interior of Io is thought to be a

e y driv er of ongoing volcanic activity (Peale, Cassen & Reynolds
979 ; Segatz et al. 1988 ; Matsuyama, Steinke & Nimmo 2022 ).
ime-varying tides within Io are induced by its eccentric orbit
round Jupiter, enabled by gravitational interactions with its sister
oons Europa and Ganymede. The tides acting on Io are therefore

nalogous to tides raised within a quasi-synchronously rotating
lanet in an eccentric orbit around its host star. Radioactivity and
lectromagnetic induction are additional sources of interior heating
Lodders & Fe gle y 1998 ; Kislyako va et al. 2017 , 2023 ). Ho we ver,
ecent measurements by the Juno and Galileo probes suggest that Io
oes not maintain a permanent subsurface magma ocean (Park et al.
024 ). 
L 98–59 is a bright M3V star which has been confirmed to host

hree e xoplanets, with tentativ e detections of two more (Kostov et al.
© The Author(s) 2025. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Variables pertaining to the three planets considered in this work, 
derived from the NASA Exoplanet Archive (Demangeon et al. 2021 ; Engle & 

Guinan 2023 ; Rajpaul, Barrag ́an & Zicher 2024 ). The first section tabulates 
measured quantities which are used as input parameters to our model. The 
second section provides additional context about other observed quantities, 
which are not used directly as input parameters to our models but rather 
calculated as dependent variables as part of our simulations. Equilibrium 

temperatures in this table are calculated with a Bond albedo of 30 per cent. 

Planet Planet b Planet c Planet d 

Mass (M ⊕) 0.47 2.25 2.14 
Semi-major axis (au) 0.021 91 0.0304 0.0486 
Eccentricity 0.167 0.049 0.098 
Orbital period (d) 2.271 3.705 7.490 
Observed radius (R ⊕) 0.850 1.385 1.521 
Instellation (S ⊕) 24.7 12.8 5.01 
Equilibrium temp. (K) 560.55 475.89 376.38 
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019 ; Demangeon et al. 2021 ). Observations of the three confirmed
lanets (L 98–59 b, c, and d) have been made with TESS , James Web
pace Telescope (JWST) , HST , HARPS , and ESPRESSO . HST transit
epth constraints placed on the innermost planet (b, a sub-Venus) 
ule out an e xtended env elope (Demangeon et al. 2021 ; Damiano
t al. 2022 ; Zhou et al. 2022 ). Recent observations with JWST
IRSpec (Bello-Arufe et al. 2025 ) have been used to infer an SO 2 -

ich secondary atmosphere on planet b, suggested to be supplied by 
utgassing from an oxidized f O 2 � � IW + 2 . 7 subsurface magma
cean permanently sustained by tidal heating. Although an SO 2 -rich 
tmosphere is fa v oured, a ‘wide range of lower SO 2 abundances’
nd a bare rock are also consistent with their observations of
lanet b. The presence of hazes/clouds are disfa v oured for this
lanet. Observational constraints on the second planet (c, a super- 
arth) also disfa v our H 2 -dominated atmospheres, suggesting that 

t may host a high-molecular weight secondary atmosphere or no 
tmosphere at all (Barclay et al. 2023 ; Zhou et al. 2023 ; Scarsdale
t al. 2024 ). In comparison, transmission spectroscopy of planet d 
as hinted at an ∼10 amu ‘hybrid’ atmosphere containing sulphur- 
earing compounds SO 2 and H 2 S in a background of H 2 , which is
lso consistent with planet d’s relatively low-bulk density (Banerjee 
t al. 2024 ; Gressier et al. 2024 ). 

The rocky planets of L 98–59 have likely experienced a similarly
ntense history of ionizing irradiation as the inner planets of the well-
nown TRAPPIST-1 system (Gillon et al. 2017 ; Agol et al. 2021 ),
esiding in a photoe v aporation regime that may inhibit atmospheric 
etention (Wheatley et al. 2017 ; Turbet et al. 2020 , ). Ho we ver, while
he TRAPPIST-1 planets are roughly Earth-sized with nearly circular 
rbits shaped by their resonance structure, L 98–59 hosts two super-
arths, and all planets exhibit potentially large orbital eccentricities 

Table 1 ). Compared to Earth-sized planets, secondary atmospheres 
n super-Earths may better withstand rapid escape under higher 
onizing fluxes, due to the increasing dominance of atomic line cool- 
ng in the dynamics of more tightly bound ionospheres (Nakayama, 
koma & Terada 2022 ; Chatterjee & Pierrehumbert 2024 ). A recent
tudy investigated Jeans escape of secondary atmospheres in a 
ypothetical L 98–59 system with b/c/d replaced by Earth-sized 
lanets, finding that their atmospheres are stripped within 5 Gyr 
Loo v eren et al. 2025 ). 

Previous estimates of the tidal heat dissipation within L 98–59 
/c/d indicate that these planets could experience significant ongoing 
nterior heating due to their eccentric orbits (Quick et al. 2020 ). The
idal heating rates provided in Table 1 of Seligman et al. ( 2024 )
ield globally averaged heat fluxes of 61.1, 24.7, and 0.6 kW m 

−2 for
lanets b/c/d, respectively. Viscoelastic models of solid-body tidal 
eformation generally find that tidal heat flux F tide depends strongly 
n the viscosity of the planet’s mantle, typically being maximized 
hen the Maxwell time of the mantle (ratio of viscosity to shear
odulus) approaches the period of tidal forcing (e.g. Segatz et al.

988 ). F or short-period rock y planets, tidal heating is maximized for
 mantle viscosity η ∼ 10 14 pa s (Barr, Dobos & Kiss 2018 ; Hay &
atsuyama 2019b ). 
The physical relationship between tidal heat dissipation and the 

heology of the mantle raises the prospect of a self-limiting feedback.
s a young rocky planet cools from its initially molten state – and

ts shear viscosity increases correspondingly the amount of tidal 
eat dissipation within the solid-phase part of its mantle is expected 
o increase. This additional heating will slow (and potentially 
revent) the solidification of the planet. An additional factor here 
s the presence of an o v erlying atmosphere, which is known to be
mportant for controlling the cooling timescale of primordial magma 
ceans (Abe & Matsui 1986 ; Elkins-Tanton 2008 ; Hamano et al.
015 ; Lichtenberg et al. 2021 ). Since it is primarily atmospheric
omposition that determines the rate at which a young planet can
adiatively cool to space, it is expected that the makeup and structure
f such an atmosphere also plays a role in controlling the amount
f interior tidal heat dissipation. For the remainder of this paper
e refer to this self-regulating feedback between radiative cooling, 

idal heating, and mantle rheology as the ‘radiation-tide-rheology 
eedback’. The radiation-tide-rheology feedback mechanism mod- 
lled in this work is different to the ne gativ e feedback between tidal
eating and mantle convection proposed to occur within Io and some
 xoplanets (Se gatz et al. 1988 ; Fischer & Spohn 1990 ; Wienbruch &
pohn 1995 ; Moore 2003 ; Henning et al. 2009 ; Matsuyama et al.
022 ). It is also distinctly different to the ‘runaway melting’ mecha-
ism proposed by Peale et al. ( 1979 ) and Seligman et al. ( 2024 ),
hich works under the assumption of mantle melting from the 
ottom-up. 
Zahnle et al. ( 2015 ) previously suggested that a thick atmosphere

lowed the cooling of the early Earth shortly following the Moon-
orming impact (Canup & Asphaug 2001 ). Prolonging Earth’s molten 
tate would potentially have made tidal dissipation within its interior 
nef ficient, significantly slo wing the orbital recession of the Moon
Zahnle et al. 2015 ). It should be noted that Zahnle et al. assume
hat a primordial atmosphere blanketing the early Earth would be 
omposed of 270 bar H 2 O and 50 bar CO 2 . Ho we ver, the fa v ourable
issolution of H 2 O into an underlying magma ocean makes this
arge partial pressure of H 2 O unlikely; such an atmosphere may have
een much thinner in reality, diminishing the effect of atmospheric 
lanketing on the early Earth. More recent modelling of tidal heating
ithin the Hadean Earth (Korenaga 2023 ) has similarly shown the

idal heating within the planet’s interior would have significantly 
mpacted the recession of the Moon. 

The presence and strength of tidal heating within a given planet
epends on the eccentricity and period of its orbit. Recently, Farhat
t al. ( 2025 ) developed a combined solid – fluid analytical tidal
eating model. Although they did not explicitly simulate the time- 
volution of an y e xoplanets, the y found that for many of them the
xpected tidal heat flux is likely to exceed the incoming stellar flux,
hereby yielding hotter surfaces than would be expected based on 
raditional radiative equilibrium calculations. They also found that 
he relative importance of liquid- versus solid-phase tidal heating 
ithin a planet depends strongly on its rotational period P d (equal to

ts orbital period if quasi-synchronously rotating) due to the different 
heological behaviours of the liquid and solid phases. Fig. 4 of Farhat
t al. ( 2025 ) shows that liquid-phase tidal heating is minor for P d �
MNRAS 541, 2566–2584 (2025) 
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 d and that solid-phase tidal heating is minor for P d � 3 d , though
his conclusion sensitively depends on the thickness of the fluid layer
Hay & Matsuyama 2019a ; Hay, Matsuyama & Pappalardo 2022 ).
o we ver, none of these previous works self-consistently solved for

oupled atmospheric energy transport (radiative transfer , con vection,
tc.) alongside interior tidal heating and thermal evolution. 

Perhaps countering the potential for tides to keep a planet’s surface
olten, it was shown by Selsis et al. ( 2023 ) that the presence

f conv ectiv ely-stable radiativ e layers in hypothetical pure-steam
tmospheres on terrestrial planets may preclude permanent magma
ceans. This is because radiative regions typically have a shallower
apse rate ( d T / d p) than conv ectiv e re gions, allowing for radiative
quilibrium to be achieved at cooler surface temperatures for a given
nstellation (Guillot 2010 ; Pierrehumbert 2010 ). It was recently
hown by Nicholls et al. ( 2025b ) that conv ectiv e stability in the
tmospheres of young terrestrial planets can also be extended to
ixed-gas compositions. Ho we ver, Nicholls et al. ( 2025b ) also found

hat the shutdown of atmospheric convection does not necessarily
reclude the presence of an underlying magma ocean. That is,
lanets with radiative equilibrium temperatures less than the dry-
olidus temperature can still sustain deep magma oceans due to
f ficient atmospheric blanketing, e ven for cases in which atmospheric
onvection has shut down. In these previous works, atmospheric
onvection at radiative equilibrium was triggered by the absorption
f short-wave stellar radiation in the deeper atmosphere. Ho we ver,
tmospheric convection can also be triggered by the net upward
ransport of heat generated within a planet’s interior. It is therefore
ossible that tidal heating, by its associated geothermal heat flux,
ould sustain atmospheric convection, thereby also influencing
he atmospheric temperature structure and compositional mixing
rocesses. 
In this work, we assess how the early thermal and compositional

volution of L 98–59 b/c/d depends on the presence and magnitude
f tidal heating within their interiors. Considering the complexity of
he problem, two separate modelling approaches are applied: 

(i) A semi-analytic toy model (Appendix A ) of planetary thermal
volution, used to probe the behaviour of the proposed radiation-
ide-rheology feedback mechanism (Section 3.2 ). 

(ii) A comprehensive and physically representative model (Sec-
ion 2 ) of the planetary evolution, both with and without tidal heating
Sections 3.3 and 3.4 ). 

In an additionally rele v ant line of discussion, we use our radiative–
onv ectiv e atmosphere model to test the ability for the tidal heating
o trigger atmospheric convection in observationally motivated test
ases (Sections 3.7 and 4.4 ). And finally, we provide crucial context
or the expected atmospheric loss or retention in the L 98–59 system,
rawing on models of stellar evolution and the escape of both primary
nd secondary atmospheres (Sections 3.6 and 4.3 ). 

Altogether, we compare the results of our modelling in Section 4
nd discuss their implications for these planets in the wider context.
e conclude in Section 5 . 

 M E T H O D S  

.1 Coupled modelling framework 

e use the PR O TEUS framework (Lichtenberg et al. 2021 ; Nicholls
t al. 2024 ) to simulate the thermal and compositional evolution of
 98–59 b/c/d. PR O TEUS self-consistently couples the A GNI radiative-
onv ectiv e atmosphere model to the SPIDER interior dynamics model
n order to capture the interaction between energy transport processes
NRAS 541, 2566–2584 (2025) 
hroughout the planet. Critically, our model also accounts for the
artitioning of volatile elements between the mantle and atmospheric
eservoirs. In this work, we enhance PR O TEUS to also include a
antle tidal heating model: LOVEPY . These modelling components

re described below. 
AGNI (Nicholls, Pierrehumbert & Lichtenberg 2025a ; Nicholls

t al. 2025b ) simulates energy transport in planetary atmospheres
ith an approach that preserves differentiability in the physics, al-

owing an optimisation method to be applied to the system (Newton–
aphson with backtracking linesearch). This numerical method
etermines the atmospheric temperature structure (and energy fluxes)
n an energy-conserving manner, ensuring that minimal energy flux
s lost across each layer up to a small numerical tolerance. Radiative
ransfer calculations are performed with SOCRATES (Lacis & Oinas
991 ; Edwards & Slingo 1996 ; Sergeev et al. 2023 ) using 256
orrelated- k spectral bands. We include Rayleigh scattering, and
and k-terms are fitted to line opacity data from D A CE (Grimm
t al. 2021 ) and continuum absorption (Mlawer et al. 2023 and
eferences in Nicholls et al. 2024 ). The D A CE database tabulates
as opacities across a wide range of temperatures and pressures,
rimarily drawing from the latest EXOMOL and HITEMP linelists.
ry convection is modelled with a mixing-length parametrisation
nder the Schwarzschild criterion (Vitense 1953 ; Robinson & Marley
014 ; Joyce & Tayar 2023 ). The radiative properties of the planetary
urfaces are treated with non-grey single-scattering albedos derived
rom lunar mare basalt (Hammond et al. 2025 ). As in similar studies
e.g. Elkins-Tanton 2008 ; Lebrun et al. 2013 ; Hamano et al. 2015 ;
ichtenberg et al. 2021 ; Boer, Nicholls & Lichtenberg 2025 ), we

reat these atmospheres as compositionally well-mixed (isochemi-
al) and neglect disequilibrium chemical processes. Gas density is
 v aluated at each atmosphere level using the ideal gas equation of
tate according to the local temperature, pressure, and composi-
ion. The atmosphere is defined on a logarithmically-spaced grid
rom 10 −5 bar to the surface pressure calculated by our outgassing
cheme. 

SPIDER (Bower et al. 2019 , 2022 ) time-steps the interior cooling
nd solidification of these planets by accounting for energy transport
y convection, conduction, phase separation, and gravitational set-
ling. The interior is composed of a metallic core and a silicate mantle.
he core size, defined by its radius as a fraction of the planet’s interior

adius, is varied in our simulation grid. The interior radius (mantle
lus core) is constant throughout each individual simulation, and is
alculated from the planet’s dry mass (i.e. neglecting the volatile
ass component) self-consistently by SPIDER assuming hydrostatic

quilibrium, using a pure-MgSiO 3 equation of state (Wolf & Bower
018 ) for the mantle and assuming a pure-Fe core of fixed bulk
ensity (as in Bower, Sanan & Wolf 2018 , slightly underestimating
he bulk density for larger core radii). The dependent variables of

antle density, temperature, pressure, melt fraction, viscosity, and
ulk/shear moduli all vary with radius in the modelled mantle. We
ssume that the mantle is initially fully-molten with an adiabatic
emperature profile, consistent with previous studies of magma ocean
volution (e.g Abe & Matsui 1986 ; Elkins-Tanton 2008 ; Hamano
t al. 2015 ; Zahnle et al. 2015 ; Krissansen-Totton et al. 2024a ). The
ritical melt fraction � c is set to 30 per cent (Costa, Caricchi &
agdassarov 2009 ; K erv azo et al. 2021 ). This v alue represents

he point near which the material locally undergoes a rheological
ransition between behaving as a liquid and as a solid (Costa et al.
009 ), and corresponds to the onset of efficient solid-phase tidal
eating (Hay & Matsuyama 2019b ; Farhat et al. 2025 ). Radiogenic
eating is neglected in this work in order to isolate the role of tidal
issipation. 
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LOVEPY (Hay & Matsuyama 2019b ) calculates the tidal deforma- 
ion of a spherically symmetric, radially inhomogeneous planet by 
umerically integrating the equations of gravito-viscoelasticity using 
he classic matrix propagator method (e.g. Sabadini, Vermeersen & 

ambiotti 2016 ). The mantle is treated as a Maxwell viscoelastic 
olid, with melt-fraction dependent shear viscosity and shear/bulk 
oduli follo wing K erv azo et al. ( 2021 ). Regions with a melt fraction

bo v e the critical disaggregation value are approximated as low 

hear strength solids ( μ ∼ 1 pa ) (e.g. Bierson & Nimmo 2016 ). The
idal heating rate due to shear deformation varies throughout the 

antle depending on its internal structure, temperature, and rheo- 
ogical properties. Heating from isotropic deformation is neglected 
K erv azo et al. 2021 ). The tidal heating calculation is performed
elf-consistently with the time-evolution of the mantle ( SPIDER , 
ower et al. 2018 ), which updates the depth-dependent rheological 
arameters as the planet’s temperature structure evolves. The tidal 
orcing potential is due to orbital eccentricity of the synchronously 
otating planet (Kaula 1964 ), and is limited to spherical harmonic 
egree-2. We do not include higher-order corrections in eccentricity 
Renaud et al. 2021 ), and neglect tidal-forcing imposed by one planet
n another (Hay & Matsuyama 2019b ). 
Throughout the simulated planetary evolution, PR O TEUS deter- 
ines the well-mixed outgassed atmospheric composition with eight 

olatile species: H 2 O, H 2 , CO 2 , CO, SO 2 , S 2 , N 2 , and CH 4 . Our
utgassing calculation (Bower et al. 2019 ; Nicholls et al. 2024 ;
horttle et al. 2024 ) solves for the atmospheric partial pressures of
olatiles subject to equilibrium thermochemistry (Chase 1998 ) and 
heir partitioning between the atmosphere and underlying melt, using 
mpirically derived solubility laws (O’Neill & Eggins 2002 ; Ardia 
t al. 2013 ; Armstrong et al. 2015 ; Dasgupta et al. 2022 ; Gaillard
t al. 2022 ; Sossi et al. 2023 ). As result, partial pressures depend
n the total mass of melt within the planet’s mantle, as well as the
ravitational acceleration, temperature, and oxygen fugacity f O 2 at 
he mantle–atmosphere interface (Bower et al. 2019 ; Sossi et al. 2020 ;
aillard et al. 2021 ; Maurice, Dasgupta & Hassanzadeh 2024 ). See
uer et al. ( 2023 ) for a recent re vie w on volatile solubility in magma
ceans and their experimental validation. We use � IW to denote the 
antle oxygen fugacity, which is quantified in log-units relative to 

he equi v alent v alue of f O 2 when set by the Iron-W ̈ustite buffer at the
odelled surface temperature. Magma oceans typically outgas H 2 - 

ominated atmospheres under reducing conditions ( � � IW − 2), 
O-rich atmospheres under more moderate conditions ( ∼ � IW ), 
O 2 –SO 2 atmospheres at conditions more oxidising than � IW + 2, 
nd H 2 O-dominated atmospheres at oxidising conditions when the 
antle melt fraction is small. Appendix D presents and discusses 

hese different compositional regimes. 
In this work we adopt three conditions individually sufficient for 
odel termination: 

(i) mantle solidification (where the whole-mantle melt fraction � 

s less than 2 per cent), 
(ii) global energy balance (where the net flux transported through 

he atmosphere F net is equal to the tidal heat production in the interior
f the planet F tide , to a tolerance), 
(iii) a maximum integration time (200 Myr) from model initial- 

zation. 

It is important to note that we do not attempt to model the evolution
f these three planets continuously up to the present day. Here, 
e do not self-consistently simulate atmospheric escape processes 

longside their thermal evolution, nor consider differences in relative 
olatile inventories between the various planets. 
.2 Planetary parameters 

able 1 outlines rele v ant physical parameters for these three planets
n the L 98–59 system. The L 98–59 spectrum from the MUSCLES
xtension is used as a template for the stellar emission (Behr et al.
023 ), and is evolved self-consistently alongside the evolution of the
lanet using the MORS evolution model of Johnstone, Bartel & G ̈udel
 2021 ), based on the Spada et al. ( 2013 ) luminosity and radius tracks.
he current age of L 98–59 is estimated by Engle & Guinan ( 2023 ) to
e (4 . 94 ± 0 . 28) Gyr ; we adopt 4.94 Gyr as the current age of the star
hen calculating the stellar spectra used in these simulations. It has
een suggested that the uncertainty on this stellar age could be larger
han estimated (Demangeon et al. 2021 ). Multiple estimates have 
een placed on the mass of L 98–59: 0 . 273 ± 0 . 030 M � (Demangeon
t al. 2021 ), 0 . 312 ± 0 . 031 M � (Cloutier et al. 2019 ), and 0 . 313 ±
 . 014 M � (Kostov et al. 2019 ). We adopt the most up-to-date estimate
f 0 . 273 M � from table A3 of Demangeon et al. ( 2021 ). Higher
tellar masses correspond to larger planetary tidal heating rates, all 
lse equal. To represent the global radiative character of a given
lanet with a single 1D column, we use a constant solar zenith angle
f cos −1 (1 / 

√ 

3 ) = 54 . 74 ◦ and scale the stellar spectrum by a factor of
 / 4, as per Hamano et al. ( 2015 ) and Nicholls et al. ( 2025b ), with the
ssumption that all three planets are tidally locked into synchronous 
xial-orbital rotation. 

.3 Hierarchical modelling 

e consider three paradigms for modelling the role of tidal heating
ithin the interiors of these planets. 
First, we apply a semi-analytic thermal evolution model. This 

implified model allows us to probe the aforementioned radiation- 
ide-rheology feedback, as well as potential hysteresis behaviours. It 
s described in Appendix A and is similar to the thermal evolution
odel applied in Zahnle et al. ( 2015 ). 
Secondly, we apply our coupled interior-atmosphere framework 

R O TEUS under the baseline scenario in which no tidal heating occurs.
his framework is entirely distinct from the semi-analytic model. 
hese no-tides cases provide control scenarios in which the planetary 
volution pathways are primarily set by the blanketing effect from 

 v erlying atmospheres and irradiation from the star. 
Thirdly, we simulate the evolution of these three planets using PRO-

EUS while self-consistently accounting for tidal heating alongside 
he other aforementioned physics. 

For the latter two paradigms, we run a range of simulations
hich vary the oxygen fugacity f O 2 at the magma ocean surface

 � IW − 5 to � IW + 5) and the radius fraction r c of the metallic
e core (50 per cent to 90 per cent) relative to the radius of the
agma ocean-atmosphere interface R i . In reality, f O 2 and r c are

ikely correlated, but the wide range considered for these two input
ariables accounts for unknown and un-modelled complexities in the 
edox evolution of these planets (see e.g. Lichtenberg et al. 2023 ).
or comparison: Mercury has a highly reducing surface environment 
nd a large metallic core fraction r c ∼ 0 . 82 (Namur et al. 2016 ;
artier & Wood 2019 ), while Earth has an r c of 0.55 and has had
n upper mantle oxygen fugacity of approximately � IW + 4 for at
east 3.8 Gyr (Lodders & Fe gle y 1998 ; Rollinson et al. 2017 ; Nicklas,
uchtel & Ash 2018 ). It has been suggested that the planets in the
 98–59 system have small metallic core fractions due to the host
tar’s relati vely lo w Fe/(Mg + Si) (Demangeon et al. 2021 ). For the
urposes of this study, a nominal radius of the rocky interior R i is
pproximated for each planet from its measured mass (Table 1 ) by
PIDER , under the assumption of a hydrostatically supported pure 
MNRAS 541, 2566–2584 (2025) 
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Figure 1. Log-scaled surface tidal heat flux calculated by LOVEPY using 
a Maxwell viscoelastic rheology for a range of shear viscosities, orbital 
eccentricities, and orbital periods. For the illustrative purposes of this specific 
plot, the shear modulus ( μ = 60 GPa ) and bulk modulus ( κ = 200 GPa ) are 
fixed at the solid phase end-member values from K erv azo et al. ( 2021 ). The 
eccentricity is set to 0.05 in the top panel. The viscosity is set to 10 15 pa s in the 
bottom panel. Overplotted are the estimated orbital periods and eccentricities 
of the L 98–59 planets (Table 1 ). Heat fluxes less than 0.1 W m 

−2 are taken 
to be ne gligible. F or comparison, Earth’s current geothermal heat flux is 
0.07 W m 

−2 (Korenaga 2008 ) and Io’s is approximately 2.5 W m 

−2 (Park 
et al. 2024 ). 
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e core and molten MgSiO 3 mantle. This structure calculation is
he same approach as in Nicholls et al. ( 2025b ), and produces a
lanetary structure self-consistent with our time-evolved interior
odelling. These structures are not constrained to be consistent with

he measured bulk densities of the planets at the present day, which
re none the less subject to relative uncertainties of 44 per cent (b),
5 per cent (c), and 29 per cent (d). Uncertainties on bulk-density
etween these three planets arise from uncertainties on both their
bserved masses and radii. The initial abundances of H, C, N, and S
n the magma ocean (in equilibrium with an outgassed atmosphere)
re nominally set equal to estimates for the volatile composition of
arth’s primitive mantle: 109.00, 109.00, 2.01, and 235.00 ppmw,

especti vely (Wang, Line weaver & Ireland 2018 ). The goal of this
tudy is not to reproduce present-day atmosphere observations, but
o demonstrate the effects of tidal heating coupled to magma ocean
volution. F or e xample, while we fix these abundances to values
erived from early Earth, it is known that varying the volatile
nventory can strongly influence magma ocean evolution (Elkins-
anton 2008 ; Hamano et al. 2015 ; Nicholls et al. 2024 ). To this
nd, we perform three additional calculations of the evolution of
hese planets under the limiting scenario in which they have lacked
tmospheres since formation. 

It is known that tidal interactions can lead to changes in the orbits
f planets and moons: damping eccentricity, potentially leading
o orbital circularization (Bolmont, Raymond & Leconte 2011 ;
olmont et al. 2014 ; Driscoll & Barnes 2015 ). Continual forcing,

uch as in the case of mean-motion resonances between planets, acts
o sustain orbital eccentricities on long time-scales. This interaction is
een in the Galilean satellites (e.g. Peale et al. 1979 ; Yoder 1979 ). We
odel the evolution of these planets under the assumption of orbital

teady state, for simplicity. Simulations presented in Section 3.5
ddress the sensitivity of their thermal evolution to different fixed
alues of orbital eccentricity. 

Appendix C outlines our methodology for estimating the XUV
X-ray plus extreme ultraviolet) irradiation and cumulative volatile
osses on these three planets, assuming that it is energy-limited.
tmospheric escape is neglected within our evolutionary calcula-

ions, but it gives illuminating context to quantify the potential for
tmospheric escape on these planets. 

 RESU LTS  

.1 Viscoelastic tidal heating 

o first understand the expected behaviour of interior tidal heating,
e use the LOVEPY (Hay & Matsuyama 2019b ) model to calculate

he specific tidal heating rate for a homogeneous planet of Earth-
ike rheology and geometry, at various shear viscosities and orbital
eriods. The results of these calculations are shown in Fig. 1 , which
eproduce analytical calculations for a homogeneous body (Segatz
t al. 1988 ). Heating increases for shorter orbital periods, exceeding
 . 01 W kg −1 for periods shorter than 1 d. Of greater importance in
etermining the tidal heating rate is the shear viscosity η. For highly
nviscid ( η < 10 9 pa s ) and highly viscous ( η > 10 21 pa s ) cases it is
lear from Fig. 1 that the tidal heating rate is negligible except for
rbital periods shorter than 1 d. The tidal heating rate is maximized
or η ∼ 10 15 pa s , although the exact point at which maximum heating
s induced shifts to more viscous conditions for longer orbital periods
s the Maxwell time increases. These behaviours compare well with
revious literature (Segatz et al. 1988 ; Henning et al. 2009 ; Driscoll &
arnes 2015 ). 
NRAS 541, 2566–2584 (2025) 
Overplotted on Fig. 1 are the estimated orbital periods and
ccentricities of the three L 98–59 planets of interest. It can be
een that we should expect these planets to undergo significant tidal
eating when their viscosities are greater than ∼ 10 9 to ∼ 10 12 pa s .
 deeper understanding of how tidal heating impacted their early

volution requires the application of our self-consistent planetary
volution model (Sections 3.4 and 3.5 ). It should also be noted that the
ccentricity estimates for these planets come with significant relative
ncertainties (Demangeon et al. 2021 ; Rajpaul et al. 2024 ). Noting
he log-scaling in the bottom panel of Fig. 1 , it is quite possible that
hese planets experience different tidal heat fluxes in reality compared
o those modelled here and in the literature, solely as a result of their
ncertain eccentricities (Quick et al. 2020 ; Seligman et al. 2024 ;
arhat et al. 2025 ). We test the sensitivity of our modelling to orbital
ccentricity in Section 3.5 . Furthermore, high eccentricity does not
ecessitate significant tidal heating, as the tidal dissipation rate also
epends on the rheological behaviour of the planet’s interior. For
xample, if the body is largely molten then tidal heat generation can
e significantly reduced, potentially preserving the planet’s orbital
ccentricity. 

.2 Semi-analytic modelling 

e hypothesize (Section 1 ) that a ne gativ e feedback between tidal
eating, mantle viscosity, and radiative cooling could extend the
ifetimes of primordial magma oceans and potentially extend them
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Figure 2. Simulated behaviour for a toy analogue of L 98–59 b calculated 
with our semi-analytic model of thermal evolution. Temperature is plotted 
o v er time for different initial temperatures T 0 (line style) and tidal heating 
amplitudes F c (line colour). The shaded region shows the temperature regime 
in which tidal heating is significant, via equation ( A5 ). The black line shows 
the temperature at which tidal heating is maximized. The dotted blue line 
shows the pure-radiative equilibrium temperature. 
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Figure 3. Solidification time for L 98–59 b/c/d modelled by PR O TEUS in 
the absence of tidal heating. Solidification time (colour bars) varies between 
the planets, and also varies by metallic core radius fraction r c (y-axes) and 
surface f O 2 (x-axes). 

r  

i

3

I  

o  

b
a  

f  

w
a  

t
 

r
t  

(  

o
a
t  

r
m  

p
1  

a  

fl
b  

e  

h
m  
ndefinitely. This complex picture involves a number of potentially 
trong physical interactions, so here we first apply a zero-dimensional 
emi-analytic thermal evolution model (Appendix A ). In doing 
o, we are not exposed to the uncertainties inherent to a more
omplex model, and instead aim to capture the physical interactions 
n a human-comprehensible manner. This particular semi-analytic 
odelling does not aim to make quantitative predictions of tidal 

eating rate and planetary evolution time-scales, but to capture 
he core essence of the proposed interactions and their qualitative 
ehaviour. These calculations enable a clear interpretation of fully 
oupled modelling presented in later sections. We adopt planet L 98–
9 b for this baseline, taking its present-day instellation of 24 . 7 S ⊕
nd a mass of 0 . 47 M ⊕ (Rajpaul et al. 2024 ). 

Fig. 2 plots the evolution tracks for a toy analogue of L 98–59 b,
alculated using our semi-analytic model (Appendix A ) at various 
idal heat flux amplitudes F c (line colours), and initial temperatures 
 0 (solid/dashed line styles). In the cases of zero tidal heating (blue

ines), the planet cools rapidly to its purely radiative equilibrium 

emperature within 20 k yr, re gardless of whether it started hot at
500 K or cold at 1500 K. This short timescale is a result of the
implified interior model and lack of atmosphere. In comparison, 
nder the most extreme case of tidal heating amplitude (pink lines)
he planet sustains a high equilibrium temperature representing a 
ermanent magma ocean. For more intermediate cases (red and 
urple lines) the equilibrium state of the planet is sensitive to its
nitial conditions. Consider F c = 15 S 0 : a cold-start (dashed red line)
eads to an evolution pathway in which the planet solidifies without 
xperiencing significant tidal heating, analogous to remaining on 
he far right of Fig. 1 . The equi v alent hot-start case (solid red line)
eads to significant heating which keeps the planet in a hot state
ndefinitely, analogous to remaining on the far left of Fig. 1 . A
ot-start ‘birth’ scenario is considered the typical starting point of 
ocky planet evolution following formation, due to the large amounts 
f energy delivered during accretion, by radioactive decay, and from 

mpacts (Wyatt 2008 ; Schaefer & Elkins-Tanton 2018 ; Lichtenberg & 

iguel 2025 ). 
Whilst the thermal evolution model applied in this section is highly 

implified, it is able to generate the behaviour that we hypothesized in
ection 1 : tidal heating can yield a ne gativ e feedback on temperature
hich can prevent magma ocean solidification. How much these 
esults extend to our more physically representati ve e volution model
s explored in the following sections. 

.3 Evolution without tides 

n this section we mo v e be yond the semi-analytic model, and apply
ur full PR O TEUS model to simulate the time-evolution of planets
/c/d without tidal heating under different scenarios arising from 

ccretion: varying the oxygen fugacity f O 2 and metallic core radius
raction r c . This corresponds to 100 simulations per planet, all of
hich are found to result in magma ocean solidification. Following 
 hot-start, Fig. 3 presents the calculated solidification time for these
hree planets. 

All of the evolution scenarios that neglect tidal heating are found to
esult in mantle solidification within 100 Myr, despite blanketing by 
heir o v erlying atmospheres. At all but the most reducing conditions
 f O 2 > � IW − 2) these simulations also evolve close to the point
f radiative equilibrium, where the net energy flux through the 
tmosphere is small ( | F net | ≤ 0 . 4 W m 

−2 ). Uncertainties inherent 
o our modelling of the stellar evolution and gas opacities could
easonably account for this small net heat flux. These uncertainties 
ean that, even in the absence of tidal heating, it is possible that these

lanets could retain shallow magma oceans for periods longer than 
00 Myr. The luminosity of L 98–59 (an M3 star) will have decreased
s it aged – the evolution tracks predict that the bolometric stellar
ux impinging upon these planets would decrease by ∼ 20 per cent 
etween the endpoint of our simulations up to the present day (Spada
t al. 2013 ; Baraffe et al. 2015 ). This means that even if these planets
ad at some point reached radiative equilibrium with a shallow 

agma ocean, any residual melt is likely to have solidified before
MNRAS 541, 2566–2584 (2025) 
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M

Figure 4. Tidal heating can potentially allow L 98–59 b/c/d to maintain per- 
manent magma oceans, given sufficient orbital eccentricty and atmospheric 
blanketing. Here, we plot the evolution of whole-mantle melt fraction � for 
the three planets (panels), with (colour bar lines) and without (cyan lines) tidal 
heating. The colour bar indicates the metallic core radius fraction r c for cases 
with tidal heating. Cases without tidal heating tend to zero melt fraction. The 
thick grey horizontal lines indicate the critical melt fraction � c = 30 per cent . 
We perform sensitivity tests to orbital eccentricity in Section 3.5 . 
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Figure 5. Corner plot of tidal heat flux F tide versus mantle melt fraction 
� , for tidally heated evolution outcomes of planets b/c/d (colours). This 
represents the point at which these simulations reach global energy balance, 
which is no later than 10 Myr. Dashed lines indicate tidal heat flux estimates 
from Quick et al. ( 2020 ). The dotted line indicates the heat flux estimate 
for planet d from Seligman et al. ( 2024 ); their estimates for planets b and c 
exceed 2 × 10 3 W m 

−2 . The thick grey line indicates the critical melt fraction 
� c . The median melt fractions [%] and tidal heat fluxes [ W m 

−2 ] are (38.3, 
52), (39.2, 101), and (36.5, 113) for planets b/c/d, respectively. 
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he present day unless heat is continually provided by some other
echanism. We adopt a null hypothesis that the primordial magma

ceans on L 98–59 b/c/d would have solidified within 100 Myr in the
bsence of tidal heating. 

.4 Evolution with tides 

n this section, we present results of modelling the evolution of L 98–
9 b/c/d with PR O TEUS while self-consistently accounting for tidal
eating within their mantles. As in 3.3 , we initialize each planet into
 fully molten state, and explore a range of surface oxygen fugacities
 O 2 and core radius fractions r c . 
The evolution pathways for all of the PR O TEUS simulations with

nd without tides are plotted in Fig. 4 . All 600 of these simulations
rst cool from their hot-start ( � = 1, T surf ∼ 3500 K ), with a corre-
pondingly large net heat flux F net . The cases without tidal heating
300 cases, cyan lines) all evolve until the mantle melt fraction is
f fecti vely zero and do not achieve global energy balance (‘radiative
quilibrium’). Initially, tidally heated cases evolve similarly to
he no-tides cases, but their pathways diverge once efficient tidal
issipation begins. The tidally heated cases reach global energy
alance ( F tide = F net ) without mantle solidification, generally within
0 Myr of evolution. This difference in evolutionary outcome means
hat tidal heating and atmospheric blanketing are together able to slow
he planets’ cooling, and prevent complete solidification. The tidally
eated cases show a limiting behaviour towards equilibrium states in
he vicinity of the critical melt fraction ( � � � c ), which is similar
nd directly analogous to the behaviour demonstrated by the semi-
nalytic model in Fig. 2 . Atmospheric compositions depend strongly
n mantle oxygen fugacity f O 2 (Gaillard et al. 2022 ; Seidler, Sossi &
rimm 2024 ; Boer et al. 2025 ); Appendix D presents our calculated
NRAS 541, 2566–2584 (2025) 
tmospheric compositions for tidally heated cases at the point of
lobal energy balance. Differences in atmospheric composition–and
orrespondingly their capacity to transport energy to space – lead to
 range of evolutionary outcomes for a given r c , which are visually
pparent in Fig. 4 . 

For planet b (top panel of Fig. 4 ) the melt fraction � does
ot depend strongly on r c or f O 2 , and has a median value of
8 . 3 per cent ± 0 . 1 per cent at equilibrium. For planet c (middle
anel of Fig. 4 ) the melt fraction depends primarily on r c , with
maller metallic cores yielding � of up to 45.1 per cent. Due to the
adiati ve ef fects of the atmospheric greenhouse – which becomes
ore important at lower instellations – the melt fraction of planet d

s sensitive to f O 2 as well as r c . It is only for planet d that � ever
ecomes less than � c in these models; this planet attains the lowest
imulated melt fraction across all of the tidally heated scenarios
 � = 4 . 8 per cent , for r c ≈ 50 per cent and f O 2 ≈ � IW − 5),
lthough this region of parameter space could be less likely if f O 2 

nd r c are ne gativ ely correlated. 
Together, the results presented in Fig. 4 demonstrate that tidal

eating w as lik ely sufficient to sustain the primordial magma oceans
n L 98–59 b/c/d for some time after their formation. As in
ection 3.3 , planets modelled with larger core radii r c generally
ool faster. The median surface temperatures at the point of global
nergy balance in our models are: 1721 . 9 + 22 . 6 

−23 . 1 , 1771 . 0 + 59 . 4 
−70 . 1 , and

755 . 4 + 47 . 4 
−96 . 4 K for planets b/c/d, respectively. The ranges on these

alues represent the full spread of surface temperatures arising from
ur considerations of a range of f O 2 (see Appendix D ). 
The corner plot presented in Fig. 5 visualizes the phase space of

idal heat flux and mantle melt fraction for the simulated outcomes
f planets b/c/d. All three populations of results have unimodal
istributions of mantle melt fraction (top panel), with median values
reater than � c . The distributions of tidal heat flux (right panel) are
lso unimodal. The median heat flux for planet b is the smallest of
he three planets, and is smaller than the predictions made by Quick
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Figure 6. Simulated mantle melt fraction ( y -axes) over time ( x -axis), for 
L 98–59 b/c/d (panels) at different orbital eccentricities (colour bar). The 
simulation endpoints are marked with circles. The thick grey line indicates 
the critical melt fraction � c . 

Figur e 7. Cycle-averaged XUV ener gy flux (decreasing solid purple line) 
and variable X-ray flux (decreasing dashed purple line) o v er time for L 98–59 
(0 . 273 M �) calculated with MORS (Johnstone et al. 2021 ), scaled to a present- 
day median habitable zone (HZ; Kopparapu et al. 2013 ) orbit of 0.163 au 
around this star as a reference distance. Planets b/c/d respectively experience 
55, 29, and 11 times more XUV radiation flux than the median habitable 
zone. Cumulative volatile losses for each planet (triplet of increasing lines 
indicated in blue, orange, and green) are plotted on the same time-axis. The 
cumulative volatile loss is an expression of the XUV fluence received by each 
planet, converted through an energy limited calculation (equation C1 ). 
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t al. ( 2020 ). In comparison, the modelled median heat flux of planet
 compares well with Quick et al. ( 2020 ). 

The simulations presented in Figs 4 and 5 account for the 
reenhouse effect introduced by a range of outgassed atmospheres. 
or a more direct comparison with previous works (e.g. Seligman 
t al. 2024 ), we also ran simulations of these three planets under the
imiting scenario in which they entirely lack atmospheres following 
heir formation. Despite the loss of atmospheric blanketing, this 
dditional scenario for L 98–59 b is still able to maintain a permanent
agma ocean with a mantle melt fraction of 34.3 per cent and tidal

eat flux of 1 . 08 × 10 5 W m 

−2 . This is broadly comparable to the
eat flux of 6 . 11 × 10 4 W m 

−2 implicit in Seligman et al. ( 2024 ). In
ontrast, our simulations of planets c/d in the absence of an o v erlying
tmosphere are found to completely solidify, resulting in small tidal 
eat fluxes of 5 . 98 × 10 1 and 4.26 W m 

−2 , respectively. The stark
ontrast between these three no-atmosphere scenarios and those 
resented in Fig. 5 highlights the important role of the atmosphere 
ithin the radiation-tide-rheology feedback, and therefore its ability 

o shape the thermal evolution of rocky planets. 

.5 Sensitivity to orbital eccentricity 

he power dissipated by tides within the interiors of rocky planets 
ncreases with the eccentricity e of their orbits (see Fig. 1 ). Ho we ver,
bservations of L 98–59 b/c/d hav e placed relativ ely poor constraints
n their eccentricities (Demangeon et al. 2021 ; Rajpaul et al. 2024 ).
n this section we test the sensitivity of their thermal evolution to
rbital eccentricity, by performing evolutionary calculations similar 
o those presented in Section 3.4 . In this section we fix r c = 0 . 55
nd f O 2 = � IW + 0, and instead vary the orbital eccentricities
 between 0.001 and 0.2 with logarithmic spacing. These new 

alculations are done with the same orbital periods as in Table 1 .
odels within this smaller grid of simulations are evolved past 

he point at which they first approach equilibrium (global energy 
alance), and instead terminate either at solidification or when the 
ntegration time reaches 200 Myr. 

Fig. 6 presents the results of these simulations by plotting mantle 
elt fraction � versus time. All three planets are able to achieve

lobal energy balance with large melt fractions when the orbital 
ccentricity is large. Planet b (top panel of Fig. 6 ) retains a large
mount of melt even for relatively small eccentricities; its small 
rbital period enables large tidal heat production, combined with a 
elatively high instellation. These results show that planet b is likely 
o have sustained its primordial magma ocean for at least 200 Myr
nd potentially up to the present day. Simulations of planet c (middle
anel) yield many permanently molten cases, but are able to solidify
hen e ≤ 0 . 0026. Most of the planet d models (bottom panel) are also

ble to retain a large amount of melt, but cases for which e ≤ 0 . 0069
re able to solidify. 

.6 Context of atmospheric escape 

o pro vide conte xt for the atmospheric regulation of tidal heating,
e analyse the history of ionizing irradiation in the L 98–59 system

nd constrain the resulting escape of both primary and secondary 
tmospheres. Our approach incorporates the MORS model for stellar 
otational evolution (Johnstone et al. 2021 ) and calculates energy- 
imited escape rates (Watson, Donahue & Ker 1981 ; Lehmer & 

atling 2017 ). Additionally, we consider XUV flux thresholds for the 
apid escape of secondary atmospheres (Chatterjee & Pierrehumbert 
024 ). Further details are provided in Appendix C . 
Accounting for long-term stellar variability, we show that the 
redicted X-ray flux displayed in Fig. 7 is consistent with XMM-
ewton measurements of the quiescent and flare states of L 98–59

Behr et al. 2023 ). The solid purple line in Fig. 7 indicates that
he c ycle-av eraged XUV flux in the habitable zone decreases from
0 3 . 5 × F XUV , ⊕ at birth to 10 × at 5 Gyr, where the present XUV
ux at Earth is given by F xuv , ⊕ ≈ 4 × 10 −3 W m 

−2 . At the orbits
MNRAS 541, 2566–2584 (2025) 
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Figure 8. Test profiles of atmospheric temperature (left) and conv ectiv e 
heat flux (right) modelled for L 98–59 d. We consider three observationally 
moti v ated atmospheric gas compositions (line colour) and three values for the 
internal heat flux (line style). Note the log scaling applied to both x -axes. The 
oliv e and c yan lines represent compositions and surface pressures (32.9 kbar) 
consistent with the retrieved mean molecular weight (Banerjee et al. 2024 ; 
Gressier et al. 2024 ). The three SO 2 cases (red lines) generally o v erlap in both 
panels. The v ertical gre y line indicates the radiativ e equilibrium temperature 
of this planet (see Table 1 ). 
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f L 98–59 b/c/d, the XUV fluxes at 5 Gyr are 550 ×, 300 ×, and
00 × F XUV , ⊕ respectively. These levels are sufficient for any low
ean-molecular-weight envelopes hosted by b/c/d to undergo rapid

scape up to the present day. To illustrate the intensity of escape, we
lot the potential for cumulative volatile losses for planets of b/c/d,
qui v alent to roughly 40, 16, and 10 per cent of Earth’s mass o v er
 Gyr (Fig. 7 ). These large losses mean that hydrogen and metals are
ikely to have escaped from L 98–59 b, while escape from planets
/d may allow the retention of metals. 

The only mechanism thought to provide significant protection
rom photoe v aporation at such high XUV fluxes is the line cooling
f metal atoms, as found by Nakayama et al. ( 2022 ) for an atmosphere
imilar to present-day Earth. This feature of cooling-limited escape
ould be crucial to the plausibility of atmospheric retention on super-
arths L 98–59 c/d. A comparison with the XUV threshold calculated

or LHS 1140 c in Chatterjee & Pierrehumbert ( 2024 ), which is
imilar in gravitational binding to L 98–59 c/d, suggests that rapid
scape of a hypothetical metal-dominated atmosphere might not
ccur presently while the star is within a quiescent period. Ho we ver,
uring flaring events, the XUV flux could increase by more than
n order of magnitude, potentially triggering episodic rapid escape.
re vious observ ations of M-dwarfs hav e found flare duty c ycles up

o 25 per cent (Venot et al. 2016 ; France et al. 2020 ; Nicholls et al.
023 ). 
For the sub-Venus L 98–59 b, atmospheric escape of SO 2 is ex-

ected to fall between the Earth-like and Mars-like regimes explored
n Chatterjee & Pierrehumbert ( 2024 ), where atomic line cooling
ractionally reduces efficiency in the energy-limit. Consequently,
t the present-day XUV flux shown in Fig. 7 , the energy-limited
scape of primary or secondary atmospheres will be comparable, with
 shared conserv ati ve escape rate of approximately 15 bar Myr −1 .
or comparison, Bello-Arufe et al. ( 2025 ) estimate an escape rate
f 1 bar Myr −1 for secondary SO 2 atmospheres, assuming a lower-
ound 1 per cent efficiency. 

.7 Sensitivity of atmospheric convection to interior heating 

e suggested in Section 1 and in Nicholls et al. ( 2025b ) that interior
eat production could potentially drive atmospheric convection. The
GNI atmosphere component of our modelling framework permits an
ssessment of this conv ectiv e (in)stability. We calculate test profiles
f atmospheric temperature and conv ectiv e heat flux for a collection
f atmospheric scenarios. 
Here, we consider scenarios in the absence of internal heat-

ng ( F net = 0), scenarios with a small internal heat flux ( F net =
 . 1 W m 

−2 , comparable to Earth’s present surface-averaged heat flux
.07 W m 

−2 Korenaga 2008 ), and scenarios with interior heating
nformed by our evolutionary calculations ( F net = 113 W m 

−2 , the
edian value in Fig. 5 ). We simultaneously consider three ob-

erv ationally moti v ated gas compositions: H 2 + 25 per cent H 2 S,
 2 + 13 per cent SO 2 , and pure SO 2 . The first two mixtures are

onsistent with the observational mean molecular weight constraints
Banerjee et al. 2024 ; Gressier et al. 2024 ), and broadly correspond
o atmospheric compositions produced by outgassing from a magma
cean containing sulfur and hydrogen. These ‘hybrid’ compositions
re formed under relatively reducing conditions (see Appendix D ).
he pure-SO 2 case represents an end-member which probes the pure-
O 2 atmospheric compositions suggested for L 98–59 b (Bello-
rufe et al. 2025 ), although their observations do not constrain

he surface pressure. The wide range of potential surface pressures
 � 30 kbar ) probed in this additional investigation exceed those
ormed in the course of our main evolutionary calculations (indicated
NRAS 541, 2566–2584 (2025) 
y annotations on Fig. D1 ). Here, we test volatile-rich scenarios,
otentially compatible with present-day observations following the
lanet’s billion-year evolution, while our evolutionary calculations
re restricted to Earth-like volatile inventories ( � 1 kbar ) in this
ork. 
This auxiliary investigation aims to test the energy-transporting

roperties of potential test atmospheres on these planets through the
ptically thick- and thin-regimes, in order to assess the potential
or conv ectiv e instability and resultant mass transport. We perform
hese atmospheric calculations standalone from the coupled PR O TEUS

ramework, decoupled from outgassing and interior processes. It
hould therefore be noted that these standalone calculations do not
ely on any solubility laws (which are self-consistently applied in
ur main simulations; e.g. Section 3.4 ), as here we focus on the
tmosphere behaviours across a wide range of potential surface
ressures (co v ering the optically thick and thin re gimes). We do
ot attempt to specifically reproduce the present-day state of the L
8–59 planets, nor do we suggest that a massive SO 2 atmosphere
s necessarily a likely outcome from the long-term evolution of L
8–59 d. The pure-SO 2 scenario is included as an end-member to
robe the behaviour of SO 2 . 
Fig. 8 shows that these example atmospheres are stable to surface-

rising convection for all of the combinations of net heat flux F net 

nd composition considered in this section. This can be seen from
he right panel of Fig. 8 , in which strong convection only occurs in
egions with pressure < 60 bar . For the putative hybrid atmospheres
olive and cyan lines) consistent with free chemistry retrie v als
Gressier et al. 2024 ), the strength of atmospheric convection scales
ith the heat flux F net . For a pure-SO 2 composition, the convective

egime is relatively insensitive to F net – the three red profiles overlap
xcept in the deep atmosphere. It should be noted that the pure-SO 2 

ases are likely much thicker than any realistic scenario for planet
, and only aim to test the radiativ e–conv ectiv e energy transport
apacity of SO 2 . All cases intersect the equilibrium temperature (grey
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ine in Fig. 8 ) at pressures less than 1 bar where the atmospheres
ecome optically thin. The T-P ranges explored by the modelled 
rofiles probe the vapour and supercritical regimes, and do not con- 
ense any volatiles. Although this modelling shows that reasonable 
alues for the interior heat flux resulting from tidal dissipation (at 
quilibrium) are unlikely to trigger convection at the base of the 
tmosphere, it can none the less increase the middle-atmosphere 
onv ectiv e heat flux for an H 2 -rich composition. These atmospheres
re able to remain conv ectiv ely stable at high pressures because large
emperatures make radiative diffusion efficient at transporting heat 
nergy (Pierrehumbert 2010 ; Nicholls et al. 2025b ). It can be seen
hat H 2 -dominated hybrid atmospheres (cyan and olive lines) are 
ompatible with permanent magma oceans (solidus T sol ∼ 1400 K ; 
ndrault et al. ( 2018 )) when tidal heating generates a modest flux
 tide = 113 W m 

−2 . 

 DISCUSSION  

.1 Negati v e feedback and stable equilibria 

esults from our simple semi-analytic modelling of L 98–59 b 
Section 3.2 ) demonstrated a general ne gativ e feedback between 
he tidal heating of planetary interiors, their temperature-dependent 
heological properties, and radiative cooling to space. Self-regulating 
eedbacks occurring within the interiors of rocky bodies have been 
reviously suggested to occur within the Earth, on Io (Ojakangas & 

tevenson 1986 ; Moore 2003 ), and indeed within exoplanetary 
nteriors (Henning et al. 2009 ), although none of these works
imultaneously addressed the physics of magma ocean evolution 
nd atmospheric blanketing. When initialized with a hot-start, our 
oy semi-analytic thermal evolution models approach equilibrium 

ith super-solidus surface temperatures given sufficiently large tidal 
eating. In cold-start models, tidal heating may never be sufficient 
o trigger a permanent magma ocean because tidal heating is less
fficient at high viscosities, though more realistic rheological models 
Bierson 2024 ) or eccentricity-excitation may overcome this. These 
esults also show that limit-cycles are permissible near these stable 
quilibria. We have also shown that this behaviour extends to the 
hysically-representative PR O TEUS models, which are initialized with 
 hot-start (Section 3.4 ). The robustness of this feedback suggests
he emergence of ‘tidally supported’ magma oceans within the 
xoplanet population: planets able to maintain magma oceans, with 
olidification timescales extended as a result of sustained heating by 
idal interactions. 

Present day planetary luminosity differences arising from cold- 
ersus hot-start formation scenarios have been discussed within 
he gas-giant literature (Baraffe et al. 2003 ; Marley et al. 2007 ;

olliere et al. 2022 ). Recent work has gone as far as to numerically
onstrain the entropy of the exoplanet β Pic b shortly following its
ormation (Marleau & Cumming 2013 ). Ho we ver, it is still unclear
hether rock y (e xo)planets form with fully molten interiors and large

ntropies, or with cooler interiors and correspondingly shallower 
agma oceans. With increasingly precise characterisations being 

nferred for rocky exoplanets, the radiation-tide-rheology feedback 
echanism discussed in this work could be used to probe the phase

pace of initial conditions for a range of e xoplanets (giv en sufficiently 
arge orbital eccentricities). 

Abrupt transitions from one state to another, such as bifurcations, 
re well-studied phenomena in the context of Earth’s past and 
urrent climate (Lorenz 1963 ; Ghil 1976 ; Steffen et al. 2018 ;
oers, Ghil & Stocker 2022 ). In particular, there is potential for
therwise stable conditions to be disrupted by external factors such 
s orbital perturbations (Riechers et al. 2022 ) and stellar evolution
Kasting 1988 ; Goldblatt & Watson 2012 ). Exoplanets which find
hemselves near stable equilibria resulting from the radiation-tide- 
heology feedback (abo v e the gre y line in Fig. 2 , right of it in Fig. 5 )
ould remain in this stable state indefinitely, given a fixed instellation
nd atmospheric greenhouse. The decreasing luminosity of M-type 
tars on Gyr time-scales means that borderline-stable cases (e.g. red 
nd purple lines in Fig. 2 , several planet d cases in Fig. 4 ) could
ventually undergo a ‘blue sky catastrophe’ bifurcation leading to 
apid mantle solidification (Meca et al. 2004 ; Zhou 2013 ). Our
esults show that these stable equilibria are also in part shaped by
tmospheric composition (Fig. 5 ), so it is also possible that the loss
f a greenhouse effect resulting from atmospheric escape could also 
nduce such a bifurcation. We use our semi-analytic model to test the
eneral feasibility of such a transition in Appendix B , but future work
hould investigate the stability of these equilibria under long-term 

volution. 
The mass and therefore the luminosity of L 98–59 is not precisely

onstrained. The stellar evolution model employed in our simulations 
uggests that the bolometric instellation of L 98–59 b would decrease
rom 24.1 S ⊕ at 100 Myr to 19 . 4 S ⊕ at the present day (a change
f −19 . 5 per cent ). An instellation of 24 . 1 S ⊕ is close to the
edian estimate of L 98–59 b’s current instellation (24 . 7 + 5 . 0 

−4 . 1 S ⊕,
emangeon et al. 2021 ). The same is also true for planets c and
. Given that our estimates on the instellation of these planets are
onserv ati ve, permanent magma oceans arising from our evolution 
odels are robust to uncertainties in the current mass and luminosity

f L 98–59. 
In this work, we have considered the time evolution of L 98–

9 b/c/d. Ho we ver, the modelled physics can be equally applied
o other systems of rocky exoplanets. Barr et al. ( 2018 ) and Hay &

atsuyama ( 2019b ) found that tidal heating within the TRAPPIST-1
lanets could yield large tidal heat fluxes of up to 1 . 57 × 10 4 W m 

−2 ,
lthough these estimates were not made through an evolutionary 
alculation. By invoking the radiation-tide-rheology feedback pro- 
ess discussed in this work, it may be possible to discriminate
etween cold- versus hot-start formation scenarios for a range of 
lanetary systems. Accurately characterising the tidal heating within 
he TRAPPIST-1 planets may also help assess the plausibility of 
he various atmospheric scenarios currently consistent with JWST 

bservations of TRAPPIST-1 b and c (Krissansen-Totton & F ortne y
022 ; Zieba et al. 2023 ; Ducrot et al. 2024 ). F or e xample, if an
tmosphere on L 98–59 b is confirmed at high significance, while
urther constraints establish TRAPPIST-1 b as a bare rock, one of
ev eral e xplanations may be that TRAPPIST-1 b failed to reach a
idally supported equilibrium magma ocean state, catastrophically 
utgassed upon early solidification, and thus exposed itself to 
essication by the active young star. 

.2 Evolution of L 98–59 b/c/d 

.2.1 Overview 

urning to our coupled modelling framework PR O TEUS , hot-start
imulations of L 98–59 b/c/d in the absence of tidal heating all
esult in complete mantle solidification within 100 Myr of evolution 
Section 3.3 ). This behaviour is directly comparable to the solid
lue/orange/green lines in Fig. 2 . A cold-start for these planets
ould therefore also yield solidified mantles in the absence of 

idal heating. The contour maps plotted in Fig. 3 show that the
olidification time, again in the absence of tidal heating, depends 
n both the oxygen fugacity of the mantle (through its control
MNRAS 541, 2566–2584 (2025) 



2576 H. Nicholls et al. 

M

o  

c  

b  

t  

T  

s  

i  

a  

s  

t  

t  

p  

e
 

w  

p  

m  

m  

l  

L
i  

i  

L  

s  

e  

a  

a  

s  

(  

(  

o  

a  

p  

p
 

o  

i  

t  

w  

o  

e  

i  

e  

o  

t  

p  

l  

∼  

o  

t  

h  

B  

S

4

F  

w  

o  

F  

�  

t  

t  

l  

u  

c  

Q  

t  

1  

o  

t  

n  

p  

o  

c  

f  

t  

t  

h  

f  

l  

r  

b
 

L  

t  

f  

t  

t
 

s  

w  

F  

S  

b  

i  

i  

a  

h  

A  

m  

o  

i  

I  

o  

g  

(  

s  

e  

i

F

w  

t  

c  

t  

A  

p  

t  

a  

b  

d  

T  
 v er atmospheric composition) and the relative size of the metallic
ore. By comparing the top and middle panels of Fig. 3 , it can
e seen that planet b generally solidifies more rapidly and readily
han planet c, despite its higher equilibrium temperature (Table 1 ).
hese comparati vely dif ferent outcomes are partially a result of the
quare-cube law, which allows the sub-Venus planet (b) to radiate
ts internal energy to space more easily than the larger planets (c
nd d). Planet c (middle panel) generally takes the longest time to
olidify. Cases with larger r c solidify more rapidly simply due to
here being a smaller amount of melt to begin with. A solidification
imescale of 100 Myr in the absence of tidal heating is consistent with
revious work (Lebrun et al. 2013 ; Hamano et al. 2015 ; Lichtenberg
t al. 2021 ). 

If we instead simulate the evolution of b, c, and d self-consistently
ith the tidal heating model LOVEPY , it is found that all three
lanets are likely to have attained global energy balance whilst their
antles were still partially molten. In any case, plotting whole-
antle melt fractions o v er time (Fig. 4 ) shows that tidal heating

ikely played a key role in the early evolution of the planets of
 98–59 – and by extension, similar planets orbiting other stars –

n that their interiors are kept partially molten for far longer than
f they are not tidally heated. Long-lived magma oceans on the
 98–59 planets would become more likely considering that our
imulations of the L 98–59 planets are based on conserv ati vely lo w
stimates of their instellations (see Section 4.1 ). To better understand
nd constrain the early evolution of rocky planets and their forming
tmospheres, it will be important to further observe young planetary
ystems (Bonati et al. 2019 ; Cesario et al. 2024 ); e.g. TOI-2076
Barber et al. 2025 ), TOI-1227 (Varga et al. 2025 ), and HD 63433
Capistrant et al. 2024 ). Here, we model only the early evolution
f the L 98–59 planets; if they have maintain sufficiently thick
tmospheres against escape, radiation-tide-rheology feedback may
otentially cause these planets to sustain magma oceans up to the
resent-day. 
We cannot precisely predict the duration or presence of magma

ceans on these planets because their initial (and current) volatile
nventories are unknown. We have considered initial volatile inven-
ories consistent with concordant estimates of volatile concentrations
ithin Earth’s primitive mantle (Wang et al. 2018 ). Yet the lifetimes
f these primordial magma oceans could potentially have been
xtended if the planets formed with larger initial volatile content
nherited from planetary formation (e.g. Venturini et al. 2020 ; Licht-
nberg & Clement 2022 ; Burn et al. 2024 ). The outcome of magma
cean cooling depends on the planet’s total hydrogen inventory due
o the collisional absorption of H 2 in the atmosphere and greenhouse
roperties of H 2 O (Nicholls et al. 2024 ). These potentially much
arger envelopes would be subject to escape processes during the

5 Gyr period up to the present day. The entire hydrogen inventory
f the planet need not be lost, ho we ver, gi ven the potential of
he interior as a large reservoir (multiple Earth oceans’-worth) of
ydrogen, dissolved in magma (e.g. Dorn & Lichtenberg 2021 ;
ower et al. 2022 ; Sossi et al. 2023 ) or solidified silicate (Guimond,
horttle & Rudge 2023 ). 

.2.2 Planet b with tides 

or the whole parameter space of r c and f O 2 considered in this
ork, the simulated mantle of planet b tends towards a narrow range
f values for the mantle melt fraction ( ∼ 38 . 3 per cent , top panel of
ig. 4 ), which is slightly larger than the adopted critical melt fraction
 c of 30 per cent. The evolutionary tracks for this planet plotted in
NRAS 541, 2566–2584 (2025) 
he top panel of Fig. 4 demonstrate qualitatively similar behaviour
o that generated by our toy model (solid purple line in Fig. 2 ). The
imiting feedback near � � � c after an initially hot-start is key to
nderstanding the evolutionary behaviour of planet b, and cannot be
aptured by the steady-state modelling of Seligman et al. ( 2024 ) and
uick et al. ( 2020 ). The coolest surface temperature arising from

idally heated evolutionary models of L 98–59 b is 1699 K. This is
50 K hotter than the ∼ 1549 K surface temperature retrieved from
bservations by Bello-Arufe et al. ( 2025 ), although they note that
he surface is poorly constrained due to the upper atmosphere being
ear-isothermal. The equilibrium melt fractions modelled for planet b
roduce a unimodal distribution (blue colours in Fig. 5 ), a direct result
f the strong ne gativ e feedback between tidal heating and radiative
ooling which prevents � from decreasing below the critical melt
raction � c . Results presented in the top panel of Fig. 6 indicate
hat even with an orbital eccentricity as low as 0.007 (consistent
o 1 σ with radial velocity measurements; Rajpaul et al. 2024 ) tidal
eating within this planet could prevent a primordial magma ocean
rom solidifying. Furthermore, an additional calculation under the
imiting scenario in which planet b has al w ays lack ed an atmosphere
esults in a non-zero mantle melt fraction at the point of global energy
alance. 

A wide range of thermal evolution scenarios are consistent with
 98–59 b currently having a molten interior as a direct result of

he strong radiation-tide-rheology feedback. Significant volatile loss
rom this planet (Fig. 7 ) may enable secondary eclipse observations
o reliably probe its dayside temperature, and potentially constrain
he amount of tidal heat production within its interior. 

Our models of planet b attain global energy balance with lower
urface temperatures than those retrieved by Bello-Arufe et al. ( 2025 )
hile simultaneously maintaining smaller tidal heat fluxes (median
 tide of 52 W m 

−2 , Fig. 5 ) than those predicted at equilibrium by
eligman et al. ( 2024 ) and Quick et al. ( 2020 ). A key difference
etween our modelling and that of Seligman et al. and Quick et al.
s that these previous works do not account for the modulating
nteraction of heat transport to space introduced by an o v erlying
tmosphere, nor the expectation that these planets are likely to
av e achiev ed global energy balance within their ∼ 5 Gyr lifetimes.
dditionally, Seligman et al. assume that the outer lithosphere is
echanically decoupled from the interior due to an internal magma

cean. This decoupling enhances the amplitude of tidal deformation,
ncreasing the heating rate by a factor of 2–4 for Earth-sized bodies.
f we were to make an ad hoc assumption as to the interior conditions
f these planets (viscosity , density , etc.) then it is quite possible to
enerate predictions of large tidal heat fluxes with classic tidal theory
as solved by LOVEPY ), but these are not necessarily the equilibrium
tates of these planets, nor representative of any late stage in their
volution. The net heat flux F net transported through the atmosphere
s defined as 

 net = F opr − S 0 / 4 , (1) 

here S 0 is the instellation and F opr is the outgoing planetary radia-
ion, which is itself set by the atmospheric temperature structure and
omposition. An atmosphere will typically produce F opr values less
han that of a bare rock for a given surface temperature (Appendix A ).
t equilibrium , all of the heat dissipated within the interior of the
lanet must be transported through the atmosphere, which requires
hat the tidal heat flux F tide be equal to F net . Equation ( 1 ) does not have
 single solution for F net and F opr for a given S 0 . That is, there can
e multiple different interior states for a given S 0 , with consequently
ifferent F net associated with different atmospheric compositions.
his is precisely why Fig. 5 reveals a range of possible tidal heat
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uxes and melt fractions for a given planet: we have considered 
 range of atmospheric compositions and temperature structures, 
hich – critically – do not presume an adiabatic temperature structure 
or direct cooling of the magma ocean to space. It is the combined
hysics of atmospheric energy transport and interior tidal heat dissi- 
ation that simultaneously determines F tide , F net , and the equilibrium 

tate which makes these two fluxes equal. Our models of planet b
re thereby able to achieve global energy balance with relatively 
ool – although still partially molten – interiors, and consequently 
antle viscosities less than critical. These low viscosities lead to 
uch smaller tidal heat fluxes than predicted by Seligman et al. 

 2024 ) and Quick et al. ( 2020 ). This logic and behaviour also
xtends to our models of L 98–59 c and d. Zahnle et al. ( 2015 ) and
orenaga ( 2023 ) modelled the coupled thermal and orbital evolution 
f a young Earth and Moon, and also found that atmospheric 
lanketing of the Earth likely e x erted significant control o v er tidal
issipation within its mantle, yielding consequently slower lunar 
ecession. 

.2.3 Planet c with tides 

lanet c is the most massive of the three modelled in this work, and
s a result takes the longest to solidify in the absence of tides (Fig. 3 ).
his proclivity for heat retention also extends to the tidally heated 
odels (non-cyan lines, centre panel of Fig. 4 ) in which planet c is

ble to maintain mantle melt fractions of up to 45.1 per cent with
n atmosphere, depending on the relative size r c of its metallic core.
maller r c yield larger mantle melt fractions and a deeper magma 
cean on this planet. The mantle of planet c closely approaches – but
emains strictly larger than – the critical melt fraction (Fig. 5 ). From a
ot-start, planet c eventually tends towards a similar equilibrium state 
s planet b, with a partially molten mantle. The similar evolutionary 
ehaviour between planets b and c – also exhibited by our semi-
nalytic model – is a result of the ne gativ e radiation-tide-rheology 
eedback in the vicinity of � c (Fig. 4 ), indicating that the thermal
volution of these planets is relatively less sensitive to the their 
articular interior structure and atmospheric chemistry compared to 
lanet d. The thermal evolution of L 98–59 c is more sensitive to
rbital eccentricity than planet b due to its longer orbital period 
nd lower instellation; Fig. 6 indicates that eccentricities e ≤ 0 . 0026
ay be insufficient for keeping planet c molten in the long-term. 
his minimum required e is approximately equal to the 1 σ lower 

imit derived from radial velocity observations (Rajpaul et al. 2024 ). 
 98–59 c could have a permanent magma ocean to this day as a

esult of the radiation-tide-rheology feedback, although this scenario 
s likely more sensitive to the planet lacking an atmosphere than in
he case of planet b. 

An y observ ed differences in the present-day nature of planets b
nd c could be attributed to processes not explicitly modelled in this
ork, such as variable initial volatile inventories or the formation of
azes in the atmosphere of planet c. If L 98–59 b has been able to
etain an atmosphere in spite of its lower escape velocity, we should
herefore expect planet c to also have retained an atmosphere, all 
lse equal. Low-confidence detections of a high molecular-weight 
tmosphere on planet c (Barclay et al. 2023 ; Zhou et al. 2023 )
ay be confirmed by future observations as part of the Hot Rocks

urv e y (Diamond-Lowe et al. 2023 ) or the Space Telescope Science
nstitute’ s Director’ s Discretionary Time Programme (Redfield et al. 
024 ). If future observations indicate that L 98–59 c lacks an
tmosphere entirely, this would also point to a bare-rock explanation 
or L 98–59 b. 
.2.4 Planet d with tides 

he evolutionary behaviour of planet d is the most varied of the three
lanets modelled in this work. Even in the absence of tidal heating,
t can be seen from Fig. 3 that its thermal evolution fundamentally
epends on the oxygen fugacity of the mantle (through its effect
n the outgassed atmospheric composition; Nicholls et al. 2024 ), as
ell as on the radius of its metallic core. Planets b and c sit within a

simpler’ regime in which they are simultaneously highly irradiated 
large S 0 ) and have large eccentricities (large F tide ), while planet d
as a radiative equilibrium temperature of only 376 K. Fig. 4 shows
hat simulations of planet d are able to maintain a molten interior in
he presence of tidal heating and an o v erlying atmosphere. In some
ases this occurs with melt fractions � < � c ; these few cases are
omparable to the solid red line in Fig. 2 . Having surpassed the
oint of maximum tidal heat dissipation (Fig. 1 ), the green scatter
oints in Fig. 5 reveal a positive relationship between tidal heat flux
 tide and mantle melt fraction � . This relationship is simply a result
f higher temperatures arising from higher internal heating rates; 
qui v alently, that higher surface temperatures yield larger F opr all
lse equal. JWST observations of L 98–59 d indicate that this planet
urrently has a thick volatile envelope, meaning that it has likely
 v oided our limiting bare-rock scenario, under which it would be
xpected to rapidly solidify. 

Being less irradiated and having a longer orbital period, the thermal
volution of planet d is also more sensitive to its orbital eccentricity
. Rajpaul et al. ( 2024 ) estimate the eccentricity of L 98–59 d to be
 = 0 . 0980 + 0 . 0270 

−0 . 0960 . These large uncertainties make an eccentricity as
mall as 0.002 consistent with radial velocity measurements (1 σ ). 
he bottom panel of Fig. 6 shows that it is possible for planet d

o solidify for e ≤ 0 . 0069, even in the presence of tidal heating,
ndicating that there remains some probability that the primordial 
agma ocean of L 98–59 d solidified within 50 Myr. Our findings

ighlight the importance of placing precise estimates on the orbital 
arameters of rocky exoplanets, if we are to make inferences as to
heir past and present thermal state. 

Alternatively, a thick atmosphere on planet d could be explained 
y it having only recently undergone a blue sky bifurcation. 
idal heating may have historically kept its volatiles dissolved 

nto a molten interior, protecting them from escape (Dorn & 

ichtenberg 2021 ; Farhat et al. 2025 ), but eventually the lumi-
osity of its star (which is not well constrained) could have
ecreased below the threshold for maintaining a tidally-supported 
agma ocean, leading to catastrophic outgassing, and resulting 

n a recently formed but significant H 2 envelope. This atmo- 
phere could potentially contain H 2 S, consistent with recent JWST 

bservations. 
It is possible that these planets had different orbital configu- 

ations in the past compared to their present-day state. Tidally 
eated planetary systems in mean-motion resonance likely un- 
ergo temporal oscillations in orbital eccentricity (Ojakangas & 

tevenson 1986 ). Planetary migration can also result in eccentricity 
mplification during a resonance crossing, inducing a spike in 
idal heating (e.g. Cuk, Moutamid & Tiscareno 2020 ). Short time-
cale increases in tidal heat dissipation, such as from resonance 
rossings, could potentially result in episodic bursts of volcanic 
utgassing from a solidified night-side (e.g. Boukare et al. 2022 ;
eier et al. 2023 ). Modelling short time-scale processes and the

omplex orbital dynamics of these planets is beyond the scope of
his work, ho we ver, future work should mo v e towards coupling
lanetary thermal and orbital evolution. We have shown that time- 
ependent processes with hysteresis play an important role in setting 
MNRAS 541, 2566–2584 (2025) 
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he present-day state of these planets. Upcoming future observations
ay attempt to place limiting constraints on these planets’ historical

rbital states: for example, the presence of a present-day magma
cean on L 98–59 d could potentially suggest a historically larger
rbital eccentricity, inferred via evolutionary modelling as in this
ork. 

.3 Long-term atmospheric replenishment 

ollowing from the updated limits to escape this study has provided
Section 3.6 ), and their ensuing constraints on volatile mass-balance,
e can re-address what is implied by the detection of any atmosphere

oday. There are two limits to atmospheric re vi v al: ( i ) the current
utgassing rate must be at least as high as the current escape rate,
nd ( ii ) the initial volatile inventory must be at least as high as the
ctual accumulated volatile loss. 

The first condition, applied to L 98–59 b, states that the current
olatile outgassing rate must be at least ∼ 4 . 5 × 10 6 kg s −1 to sustain
n atmosphere (Fig. 7 ; tenfold greater than the lower limit of Bello-
rufe et al. 2025 ). Is this outgassing rate plausible? The methods
f this study cannot answer this question directly because we have
odelled magma ocean degassing as a vapour-pressure equilibrium,

ssuming instantaneous volatile transport within the magma ocean
tself and no escape to space; the degassed partial pressure of each
pecies in our model is set by empirically derived solubility laws and
hemical equilibrium. Magma ocean degassing may be limited by
iffusion across the upper thermal boundary layer (see equation S7
n Hamano, Abe & Genda 2013 ). Ho we v er, the v ery high surface
eat flux and thin thermal boundary layer in our models would point
o fast dif fusion. Alternati vely, we can consider the case of a mostly
olidified planet outgassing in a heat pipe mode, as in Bello-Arufe
t al. ( 2025 ). In this case, the equilibrium outgassing rate would
e related to tidal heating via the energy-balance assumption that all
nterior heat is transported by melting and melt advection (O’Reilly &
avies 1981 ; Moore 2001 ). A conserv ati ve surface temperature of
00 K and a tidal heat flux F tide of 50 W m 

−2 (Fig. 5 ) permits an
quilibrium e xtrusiv e volcanism rate (resurfacing rate) on the order
f 10 10 kg s −1 for planet b (O’Reilly & Davies 1981 ). The outgassing
ate required to balance escape of ∼ 4 . 5 × 10 6 kg s −1 SO 2 could be
ustained if the magma contained SO 2 at a respectable concentration
f ∼200 ppm, assuming all SO 2 degasses completely. Ho we ver,
ntegrating this magma production rate back in time o v er 1 Gyr
ndicates that this melting-de gassing c ycle would hav e processed
00 planets’-worth of mantle rock. It is not obvious whether much
ulphur would remain in the mantle residue to be outgassed in the
uture after so many melting cycles, unless the outgassed sulphur is
asily reburied into the mantle (as on Io; de Kleer et al. 2024 ) rather
han being lost to space. 

Assessing the second condition – the ‘supply limit’ – is less
traightforward because an atmosphere cannot be lost to space if
t does not exist. One might imagine a scenario where several Earth
cean masses of water are sequestered within a planet’s solidified
nterior, and the planet has been in a tectonic regime that does not
ermit efficient volcanic outgassing (such as a stagnant lid regime;
uimond et al. 2021 ). This scenario would mean that the actual

scape rates are lower than theoretically possible for some time,
ue to a limit on atmospheric supply. A sudden increase in volcanic
ctivity (e.g. a tectonic regime shift; Lenardic et al. 2016 ) would
eplenish an atmosphere in spite of its high potential to have escaped
n the past (Kite et al. 2020 ). One potential way to effect episodes
f strong volcanic outgassing is through exciting the eccentricity of
he planet (e.g. in a resonance crossing event; see Section 4.2.4 ),
NRAS 541, 2566–2584 (2025) 
hich would temporarily increase the tidal heating rate, melting
arts of the otherwise largely solid mantle. In any case, the potential
 Gyr cumulative volatile loss on L 98–59 b is � 130 per cent of
ts current mass (Fig. 7 ), implying that if an atmosphere is present
oday, its outgassing rate must have been much lower in a previous
ra. 

Overall, it should be noted that whether prolonged magma oceans
elp or hinder atmospheric retention in the long term remains an
pen question. Magma oceans can hold large amounts of volatiles
Dorn & Lichtenberg 2021 ; Sossi et al. 2023 ; Nicholls et al. 2024 ).
 or a giv en inv entory of volatiles, dissolution into an underlying
agma ocean would yield thinner atmospheres with smaller radii,

hereby potentially decreasing the escape rate (e.g. Maurice et al.
024 ). Alternatively, early magma ocean solidification could trap
olatiles within the solid silicate (Hier-Majumder & Hirschmann
017 ; Tikoo & Elkins-Tanton 2017 ; Sim, Hirschmann & Hier-
ajumder 2024 ). Although mantle minerals certainly have lower

olubility limits for volatile species compared with magma, a solid
antle is, unlike surface magma, an inefficient degasser: longer

esidence times in the solid mantle offer a distinct refuge against
tmospheric exposure (Kite et al. 2020 ). Towards the provisioning
f S-rich atmospheres in particular, the trade-off is even more
nclear, given that sulphur could be stored in the mantle in excess
f saturation, as accessory phases (e.g. Boukar ́e et al. 2019 ; Lark
t al. 2022 ; Guimond et al. 2024 ). A more thorough understanding
f how magma oceans affect volatile retention, by applying coupled
utgassing-escape models, will be key to knowing how readily rocky
lanets retain atmospheres. 

.4 Atmospheric convection, mixing, and structure 

t has been previously shown that outgassed secondary atmospheres
t pure radiative equilibrium (net heat flux F net = 0) exhibit deep
adiative layers which are stable to convection (Selsis et al. 2023 ;
icholls et al. 2025b ). In addition to short-wave heating, atmospheric

onvection can be sustained by ongoing heating within a planet’s inte-
ior; this is equi v alent to T int > 0 in the nomenclature of the gas-giant
iterature (e.g. Parmentier et al. 2015 ). Inferences of SO 2 and H 2 S in
he upper atmosphere of L 98–59 d have been suggested to be caused
y surface volcanism (Gressier et al. 2024 ), necessitating upward
ransport of gas to the level probed by transmission spectroscopy.

hile all of our simulations assume isochemical atmospheres,
ection 3.7 pro vides conte xt and moti v ation for future work by
ssessing the potential for conv ectiv e transport in test atmospheres.
e emphasize that the atmospheres modelled in Fig. 8 are decoupled

rom interior interactions, and only test the atmospheric energy-
ransport for a handful of compositional scenarios rele v ant to recent
bservations of L 98–59 d, in the context of potential tidal heating. 
Fig. 8 shows that interior heating – such as by tidal dissipation –

an trigger and/or strengthen the convection in the atmosphere of L
8–59 d. Under atmospheric scenarios consistent with the retrie v als
Banerjee et al. 2024 ; Gressier et al. 2024 ), the temperature and
onvection profiles within optically thick regions are sensitive to
 net . For the H 2 + H 2 S cases (olive lines), a small internal heat flux
f 0.1 W m 

−2 is able to raise the surface temperature by 244 K. A
arger heat flux (olive dotted line) informed by our tidal heating

odels raises the surface temperature by + 1421 K . Both of the
 2 -dominated cases modelled here maintain surface temperatures
reater than a representative solidus temperature (Bower et al. 2019 ),
onsistent with a permanent magma ocean. While SO 2 has unique
pectral features in the infrared that have been leveraged by recent
bservations of these planets (Bello-Arufe et al. 2025 ), its broad-band



Tidal heating and the L 98-59 system 2579 

o  

a  

s
t
o  

t
a

w
a
e
s
d  

w  

n  

t
I
o  

w  

a
2  

o  

h  

(  

t
H  

r
(

 

f
c
t
l  

s
i
2

d
m
a
2  

i
i
w
d
2  

m
m
2
t  

o
i
e  

2  

i
m
m
v
o
L
o  

e

5

W
t  

s
m
t
p  

d
r
r
f

t  

s
c

 

e  

t
m  

d
h
a  

s

a
b  

W
b
i

 

r
t
I
t

w  

e
a  

v  

s
p
a  

c
(
t
w  

a  

e
 

a
t  

2  

t
(
2  

f  

s  

n  

m  

e

pacity is relatively low (Underwood et al. 2016 ). This means that the
tmospheres rich in SO 2 presented in Fig. 8 are comparatively less
ensitive to F net , and yield systematically lower surface temperatures 
han the other compositions considered. The temperature profiles 
f the red and cyan lines converge in the upper atmosphere, where
he opacity of H 2 becomes negligible and SO 2 remains the primary 
bsorber of radiation. 

The strength of atmospheric convection increases with F net , which 
ould also act to increase compositional mixing for this particular 

tmospheric composition. Ho we ver, it is still unclear whether tidally 
nabled atmospheric convection could lift species outgassed at the 
urface to the observed level, as the convection does not extend imme- 
iately from the surf ace upw ards. Other mixing processes – Rossby
a ves, gra vity wa ves, synoptic eddies, molecular diffusion, etc. – will
eed to be invoked to explain the transport of outgassed volatiles to
he observable regions of these atmospheres (Pierrehumbert 2010 ). 
n situ photochemical production may e xplain tentativ e detections 
f SO 2 , since the large molecular weight of this molecule combined
ith a shallow lapse rate (Fig. 8 ) will make its diffusion into the upper

tmosphere highly inefficient (Seinfeld & Pandis 2006 ; Tsai et al. 
023 ). As a third alternative to in situ high-altitude SO 2 production
r passive mixing processes, we note that e xplosiv e volcanic plumes
ave been suggested to loft SO 2 into the upper atmosphere of Venus
e.g. Esposito 1984 ), which, if identified as a source (i.e. based on
heir transient nature), would rule against magma ocean degassing. 
o we ver, it is not clear whether even such explosive plumes would

emain buoyant to high altitude in a thick hydrogen-rich atmosphere 
cf. Mastin 2007 ). 

We treat these planets with a 1D model. This simplification is
requently adopted across the related literature for the purposes of 
omputational feasibility, giv en fle xible and accurate parametriza- 
ions. Spatial variations in tidal heat flux with latitude, although 
ikely no more than a factor of 2–4 (Beuthe 2013 ; Hay & Mat-
uyama 2019a ), could potentially drive local atmospheric dynam- 
cs (Wallace & Hobbs 2006 ; Lemasquerier, Bierson & Soderlund 
023 ). 
Gas opacity under extreme conditions is poorly understood 

ue to computational limitations on compiling linelists for certain 
olecules and experimental limitations when empirically deriving 

bsorption cross-section databases (Komasa et al. 2011 ; Birk et al. 
017 ; Grimm et al. 2021 ; Mlawer et al. 2023 ). Potential inaccuracy
n gas absorption properties (line and continuum) may systematically 
mpact conclusions across the exoplanetary literature, including this 
ork, although here we hav e dra wn from contemporary databases 
esigned for modelled high-temperature regimes (Nicholls et al. 
024 ; Nicholls et al. 2025a ). Furthermore, uncertainties in gas ther-
odynamics (e.g. their equations of state) at high pressures will bias 
odelling results (Wordsworth & Kreidberg 2022 ; Haldemann et al. 

024 ). In this work we adopt isochemical atmospheric profiles and 
he ideal gas equation of state–since we do not focus our investigation
n atmospheric structure – which are assumptions broadly applied 
n previous studies (e.g. Wordsworth & Pierrehumbert 2013 ; Katyal 
t al. 2019 ; Schlichting & Young 2022 ; Krissansen-Totton et al.
024b ; Cherubim et al. 2025 ; Rogers 2025 ). In a follow-up work we
nclude more realistic gas-phase equations of state into our AGNI at- 

osphere model, since non-ideal behaviours may impact inferences 
ade from observations of exoplanetary radii and the location of con- 
 ectiv e zones. Lab experiments on these processes, and particularly 
n volatile solubility into planetary interiors (Anzures et al. 2025 ; 
ichtenberg & Miguel 2025 ), are increasingly necessary for devel- 
ping suf ficiently comprehensi v e models to e xplain observations of
xoplanets. 
 C O N C L U S I O N S  

e have used a coupled atmosphere-interior modelling framework 
o simulate the early evolution of the sub-Venus L 98–59 b and the
uper-Earths L 98–59 c/d. Simulations with a self-consistent imple- 
entation of tidal heating, mantle rheology, and atmospheric energy 

ransport indicate that the primordial magma oceans of these three 
lanets could have been sustained for some time. This is possible,
espite their subsolidus radiative equilibrium temperatures, due to a 
obust ne gativ e feedback mechanism between tidal heating, mantle 
heology, and radiative cooling. Our conclusions are summarized as 
ollows: 

(i) The ‘radiation-tide-rheology feedback’ reported here is central 
o controlling the early evolution of rocky planets, as it introduces
table equilibria which can indefinitely prevent their interiors from 

ompletely solidifying. 
(ii) Solid-phase tidal heating played a key role in the early thermal

volution of L 98–59 b/c/d, and likely prolonged the lifetimes of
heir primordial magma oceans. Across a wide parameter space, our 

odels find that L 98–59 b may have permanent magma ocean to this
ay due to the proposed feedback mechanism, whether this planet 
as retained an atmosphere or not. Permanent magma oceans could 
lso extend to planets c and d for as long as they retain atmospheres,
ubject to other processes (such as atmospheric escape). 

(iii) When considering tidal heating within a coupled framework, 
tmospheric energy regulation reduces planetary tidal heat fluxes 
y up to two orders of magnitude compared to previous estimates.
e emphasize that coupled models are key to understanding the 

ehaviour of these non-linear systems, and that future work should 
nclude coupling with atmospheric escape processes. 

(iv) An atmosphere on the sub-Venus L 98–59 b would be in a
egime of rapid photoe v aporation, whether primary or secondary, 
hroughout its history. This is in agreement with previous studies. 
ndications of an atmosphere on this planet would require further 
heoretical explorations of its thermal and compositional evolution. 

Further theoretical and observational studies of the L 98–59 system 

ill enable us to test the coupled physics of magma ocean thermal
volution, mantle redox chemistry, atmosphere-interior interactions, 
nd escape processes. Our simulations indicate that L 98–59 b could
ery well be a ‘tidally-supported world’. Ho we ver, future theoretical
tudies should attempt to model the complete evolution of these 
lanets with a self-consistent representation of atmospheric escape 
nd longer term stellar evolution. L 98–59 b/c/d are ‘targets under
onsideration’ as part of the upcoming STScI DDT programme 
Redfield et al. 2024 ). Secondary eclipse observations will constrain 
heir dayside surface temperatures, and allow inferences as to 
hether they are currently molten or not. L 98–59 c and d will

lso be observed with Pandora , which is scheduled to launch at the
nd of 2025 (Barclay et al. 2025 ). 

Future studies on the role of tides on exoplanet evolution should
ccount for changes in their orbital parameters (eccentricity, instella- 
ion, period) o v er time (Ojakangas & Stevenson 1986 ; Bolmont et al.
011 ; Heller, Leconte & Barnes 2011 ; Bolmont et al. 2014 ). Fur-
hermore, more appropriate rheological models should be employed 
Castillo-Rogez, Efroimsky & Lainey 2011 ; Renaud & Henning 
017 ; Bierson 2024 ), and dissipation in the fluid should be accounted
or (Farhat et al. 2025 ), particularly in tightly packed planetary
ystems (Hay, Trinh & Matsuyama 2020 ). We also highlight the
ecessity of precise constraints on orbital parameters, if we are to
ake inferences as to the past and present thermal state of rocky

xoplanets. 
MNRAS 541, 2566–2584 (2025) 
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Based on recent measurements by the JUNO spacecraft, Park
t al. ( 2024 ) find that Io does not contain an internal magma ocean
nd instead has a mostly solid mantle. Based on this, Park et al.
uggest that strong tidal heating within planetary interiors may not
l w ays be sufficient to create magma oceans within planetary inte-
iors. Ho we ver, the physics of the radiation-tide-rheology feedback
eported here suggests that, alternatively, primordial magma oceans
ay not cool in the first place; long-lived magma oceans could still

e common on rocky planets with short period eccentric orbits. 
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PPENDI X  A :  SEMI-ANA LY TIC  E VO L U T I O N  

O D E L  

n this appendix we derive a simple semi-analytic planetary evolution
odel. This model aims to capture the general physical interactions

ccurring throughout these planets in an easily comprehensible
anner, without being exposed to the uncertainties which natu-

ally arise from our more complex model (Section 2.1 ). Here, the
lanet is considered a homogeneous sphere with average density
 ρ = 4550 kg m 

−3 ), heat capacity ( c p = 1250 J kg −1 K 

−1 ), solidus
 T s = 1500 K ), and liquidus ( T l = 2000 K ). These values are taken
o be broadly consistent with the properties of Earth’s mantle
Stixrude & Lithgow-Bertelloni 2005 ). Given a mass m , the radius
an be simply calculated as 

 = (3 m/ 4 πρ) 1 / 3 . (A1) 

The short-w ave surf ace albedo α is set to 0.2 and the long-wave
missivity ε is set to unity (Fortin et al. 2024 ; Hammond et al. 2025 ).
he planet is irradiated on its day-side with a bolometric flux S 0 ,
nd its surface emits radiation directly into space isotropically as a
reybody according to the Stefan–Boltzmann law 

 u = σεT 4 . (A2) 

he net power P n entering the planet as a function of its temperature
 can then be expressed as an energy balance between the absorbed,

nternal, and emitted fluxes: 

 n ( T ) = πR 

2 (1 − α) S 0 + 4 πR 

2 F i − 4 πR 

2 σεT 4 , (A3) 

here F i is the internal heat flux (such as from tidal or radiogenic
eating). This expression for the thermal evolution of the planet is
dentical to the interior evolution model of the young Earth set out
y Zahnle et al. ( 2015 ). Through the chain rule, equation ( A3 ) can
e converted to a heating rate 

d T 

d t 
= 

4 πR 

2 

mc p 

(
1 − α

4 
S 0 + F i − σεT 4 

)
. (A4) 

If we were to take F i = 0, the solution to equation ( A4 ) is that
f planetary radiative equilibrium. However, the inclusion of F i as a
unction of temperature T permits a semi-analytic evolution model
hich parametrizes the effects of tidal heat dissipation. Maxwellian
odels of tidal heat dissipation demonstrated by LOVEPY (Fig. 1 ;
ay & Matsuyama 2019b ) and other works (Henning et al. 2009 ;
riscoll & Barnes 2015 ) generally yield a unimodal relationship
etween the amount of heat dissipated and the mantle melt fraction.
or the purposes of our simplified semi-analytic modelling, we
euristically parametrize tidal heating with a Gaussian function 

 i ( T ) = F c exp 

[
−

(
T − T c 

T w 

)2 ]
, (A5) 

here T w characterizes the width of the temperature range sensitive
o heating, T c is the temperature at which tidal heating is maximized,
nd F c is the amplitude of the tidal heating. We centre this heating
unction between the solidus and liquidus of the material. In reality,
he amount of heat dissipated by tidal stresses depends on a number of
actors which are robustly accounted-for in our PR O TEUS simulations
Section 2.1 ). A Gaussian function is an appropriate choice for
he level of complexity desired of this semi-analytic model, as it
as a single global maximum which decreases monotonically to
ero at ±∞ (qualitatively representing a negligible amount of heat
issipated by tides in the fully-solid and fully-molten regimes). 
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Figure B1. Thermal evolution of a toy planet subject to tidal heating with a 
co-evolving star. Solid lines plot the planet’s temperature o v er time for three 
cases of stellar evolution (line colours). Dashed lines plot the correspondingly 
evolving instellations. The thick black line indicates the temperature at which 
tidal heating is maximized. 

s

w  

s
f

A
A

I  

l
p
h
b
d  

a
s  

2

i  

u
o
I
l  

a
i
(
h
w  

o  

a
b
c

i
(  

i
S

m

Figure B2. Equilibrium melt fractions � for a toy planet calculated with our 
semi-analytic thermal evolution model, for a wide range of instellations S 0 
and tidal heating amplitudes F c . The red contour line divides the light and 
dark regions in the plot of melt-fraction space at � = 1 per cent . 
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These simplifications allow us to express the complete form of our 
emi-analytic evolution model as a single equation: 

d T 

d t 
= 

4 πR 

2 

mc p 

(
1 − α

4 
S 0 + F c exp 

[
−

(
T − T c 

T w 

)2 ]
− σεT 4 

)
. 

(A6) 

hich is nominally integrated over time from ( T , t) = ( T 0 , 0) up to
ufficiently large limit of t = 20 kyr , which provides sufficient time 
or the modelled cases to reach steady-state (see Fig. 2 ). 

PPEN D IX  B:  BLUE  SKY  B I F U R C AT I O N S  

RISING  F RO M  STELLAR  E VO L U T I O N  

n Section 4.1 we suggest that planets which find themselves oscil-
ating in equilibria through radiation-tide-rheology feedback could 
otentially still solidify. This could occur for situations in which tidal 
eating is initially sufficient to sustain a permanent magma ocean, 
ut only in combination with intense stellar irradiation. The slowly 
ecreasing luminosity of an M-type host star raises the possibility of
 planet sustaining a magma ocean for several Gyr, before rapidly 
olidifying through a ‘blue sky catastrophe’ (Meca et al. 2004 ; Zhou
013 ). 
In this appendix we apply the semi-analytic toy model described 

n Appendix A to a test planet with a fixed arbitrary F c . This is done
nder the consideration of three scenarios for how S 0 could change 
 v er time: constant, slowly decreasing, and rapidly decreasing. 
n reality, bolometric stellar luminosity does not decrease strictly 
inearly in time (Baraffe et al. 2015 ). Fig. B1 presents these three
dditional simulations, with the different stellar evolution scenarios 
ndicated by the line colours. The case without stellar evolution 
blue lines) remains in radiation-tide-rheology equilibrium with a 
ot surface. The cases in which S 0 decreases undergo a bifurcation 
hen the S 0 drops below a critical value (approximately 80 per cent
f its initial value in this case). This bifurcation represents the point
t which tidal heating is unable to sustain equilibrium (global energy 
alance), causing the planet to rapidly cool to a temperature which 
an be sustained by the instellation alone. 

The particular values of S 0 considered in this section are not 
mportant because we consider here a toy thermal evolution model 
Appendix A ) in which S 0 and the albedo α are ef fecti v ely de generate
n forcing the thermal evolution of the planet. Any decrease to 
 0 could be compensated by some decrease to α; quantitatively 
odelling potential planetary evolution pathways necessitates a 
omprehensive modelling tool such as PR O TEUS (Section 2.1 ). Fig. B1
hows that it is, however, still important to consider that rapid changes
o a planet’s thermal state may occur later in its lifetime, potentially
ri ven by slo w changes to the amount of radiation recieved from its
ost star. 
Fig. B1 reveals that bifurcations to a cool state may indeed be

riggered once the instellation drops below some critical value. To 
lucidate how this compares against the strength of our (parameter- 
zed) tidal heating within the semi-analytic model, we simulated the 
volution of the toy planet under different tidal heating amplitudes 
 c and instellations S 0 (constant in time). Fig. B2 represents the
quilibrium states of these simulations, plotting the mantle melt 
raction versus F c and S 0 . For a given amount of tidal heat flux
potentially regulated by an overlying atmosphere, as in Section 3.4 
a planet would evolve from the left side to the right side of the

lot, on the understanding that its instellation decreases o v er time.
nless the tidal heating is particularly efficient (large F c ), a wide

ange of these toy planets undergo a ‘blue sky bifurcation’ upon
ntersection with the red line. This is the point at which their melt
raction decreases from > 30 per cent on the left side to less than 1
er cent on the right side. Mapping these semi-analytic coordinates 
 S 0 , F c ) to time and F tide requires the application of our PR O TEUS

ramework. 
Given that our PR O TEUS simulations (Section 3.4 ) reproduce the

ide-radiative feedback exhibited by these semi-analytic models, it is 
ossible that these late stage bifurcations may extend to physically 
epresentative simulations, and thus to reality. For observations 
f some exoplanets consistent with the absence of tidally heated 
nteriors, it could be the case that this is a late-stage characteristic
f their ev olution, ha ving spent several Gyr with a molten interior.
ealistically simulating these planets across Gyr timescales, with 

ufficiently small time-steps to maintain radiation-tide-rheology 
quilibrium, is currently beyond the computational limitations of 
he PR O TEUS modelling framework. 

PPENDI X  C :  ATMO SPH ER IC  ESCAPE  

he energy limit mass-loss rate for escape Ṁ EL (Watson et al. 1981 ;
ehmer & Catling 2020 ) is given by ( √ 

2 R optical 

R xuv 

) 3 

Ṁ EL ( t ) = 

3 ηF xuv ( t ) √ 

2 Gρ
, (C1) 
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here F xuv ( t) is the time-evolving XUV flux, R optical is the optical
ransit radius of the planet, R xuv is the XUV absorption radius that
ontributes the ef fecti ve planetary cross section to incoming XUV
ux, ρ is the bulk density of the planet, G is Newton’s gravitational
onstant, and η is the efficiency factor. The integration of the RHS
f equation ( C1 ) with the XUV flux as a function of time and
ll else held constant allows calculation of a cumulative volatile
oss quantity, corresponding to XUV fluence, a variable in the
osmic shoreline (Zahnle & Catling 2017 ). Hydrogen dominated
tmospheres enriched in ef fecti ve molecular coolants will have
educed escape efficies, such as η = 10 per cent (Yoshida, Terada &
uramoto 2024 ). Lehmer & Catling ( 2020 ) calculate that for a
ydrogen envelope a few per cent of planet mass, the increase in
bsorption radius of XUV can increase the escape rate by orders of
agnitude. On balance, the quantity expresses the potential history of

olatile loss could be for a given planet, while being simply deri v able
rom the flux. To explore detailed questions of loss and re vi v al (e.g.
ite & Barnett 2020 ), self-consistent coupling of the escape to the

R O TEUS framework for R xuv ( t) would be required. 

PPENDIX  D :  OUTGASSED  ATMO SPH ER IC  

O M P O S I T I O N S  

n this appendix, we present the outgassed volatile atmospheric com-
ositions calculated in our main simulation results (Section 3.4 ) for
ompleteness. Our modelled atmospheres are treated with constant
ixing ratios, which are calculated according to our equilibrium

utgassing scheme (Section 2 ). 
Fig. D1 shows that outgassed atmospheres exhibit significant

ariations in composition across a range of mantle oxygen fugacities
 O 2 . Depending on f O 2 , atmospheric composition shifts from H 2 -
ominated at reducing conditions, through CO-dominated, to CO 2 -
ominated at more oxidising conditions. These regimes are consistent
ith behaviours described in the literature (Gaillard et al. 2021 ;
icholls et al. 2024 , 2025b ; Seidler et al. 2024 ; Lichtenberg &
iguel 2025 ). We find that H 2 O is never the dominant gas component

ecause it remains fa v ourably dissolved into the underlying magma
cean (Sossi et al. 2023 ; Boer et al. 2025 ). In contrast, Zahnle
t al. ( 2015 ) assumed H 2 O-dominated atmospheres. Total surface
ressure (indicated by the white text) varies from ∼ 125 to ∼ 630 bar .
NRAS 541, 2566–2584 (2025) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
hese optically thick envelopes allow the atmosphere to regulate the
lanetary energy balance, and give rise to the radiation-tide-rheology
eedback. 

We have nominally assumed (Section 2 ) an elemental inventory
ased on estimates of Earth’s primitive mantle (Wang et al. 2018 ) in
rder to restrict the scope of our investigation. Earth is relatively
olatile-poor (Korenaga 2008 ; Schaefer & Elkins-Tanton 2018 );
arger atmospheres would provide more efficient blanketing of these

igure D1. Outgassed atmospheric composition at model termination for
he three L 98–59 planets (panels) versus mantle oxygen fugacity ( x -axis),
or a core radius fraction r c = 50 per cent . These pie charts show volatile
olume mixing ratios (wedge colours), while labelled white numbers show
otal surface pressure in log units: log 10 ( P surf / bar ). 

lanets’ interiors, and make long-lived magma oceans increasingly
easible (Lichtenberg et al. 2021 ; Nicholls et al. 2024 ). In reality,
he volatile inventories of these planets will have been modulated by
he complexities of planet formation, and then atmospheric escape
 v er billions of years. These additional processes should be explicitly
nvestigated in future work. 
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