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A B S T R A C T 

The recently disco v ered super-Earth Gl 514 b, orbiting a nearby M0.5-1.0 star at 7.6 pc, is one of the best benchmark exoplanets 
for understanding the potential climate states of eccentric planets. The elongated ( e = 0.45 

+ 0 . 15 
−0 . 14 ) orbit of Gl 514 b, which only 

partially lies in the Conserv ati ve Habitable Zone, suggests a dynamically young system, where the spin-orbit tidal synchronization 

may not have yet occurred up to the present time. In the present work, we use a seasonal-latitudinal energy balance model, EOS- 
ESTM, to explore the potential impact of both constrained and unconstrained planetary, orbital, and atmospheric parameters 
on the Gl 514 b habitability, mapped in terms of surface temperature. We test three distinct CO 2 -dominated atmospheres by 

varying the CH 4 concentration values (0 per cent, 0.1 per cent, and 1 per cent) and the total surface pressure. As a general 
trend, we find that habitable conditions are fa v oured by high-CH 4 and high-pressure regimes. Habitability also increases for 
high-axis obliquities (at least until the appearance of an icebelt), long-rotation periods, and high-ocean fractional co v erage. If 
the ocean fraction is low, then also the argument of periastron becomes relevant. Our results are robust against changes of the 
continental distribution. Thus, we conclude that Gl 514 b can potentially maintain temperate surface conditions with modest 
seasonal temperature variations under a wide variety of planetary, orbital, and atmospheric conditions. Despite no transit have 
been detected yet, the results found in this work should moti v ate the community to invest time in future observations. 

Key words: astrobiology – planets and satellites: atmospheres – planets and satellites: individual: Gl 514 b – planets and satel- 
lites: terrestrial planets – stars: activity. 
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 I N T RO D U C T I O N  

he search for biosignatures in exoplanetary atmospheres is one of
he main drivers of present-day astronomical projects. To optimize
he use of state-of-the-art, space-born instrumentation, this endeav-
ur requires a careful selection of rocky exoplanets potentially able
o host life. To this end, it is essential to supplement observational
ata with theoretical predictions of surface planetary conditions
erformed with the aid of climate models. 
Traditionally, habitability studies rely on the classic definition

f the Conserv ati ve Habitable Zone (CHZ, Kasting, Whitmire &
eynolds 1993 ), and in particular on the updated calculations by
opparapu et al. ( 2013 ). In essence, habitability is defined on the
asis of the surface temperature, which must be in the liquid water
ange. The surface temperature is then calculated using single-
olumn Energy Balance Models (EBMs) for a given atmospheric
omposition and instellation. Since this class of models deal with
uantities av eraged o v er one orbit, latitudinal and seasonal variations
f temperature are neglected. More complex models, like seasonal-
 E-mail: lorenzo.biasiotti@gmail.com 
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atitudinal EBMs or computationally intensive Global Circulation
odels (GCMs) are needed to investigate a planet which is only

artially habitable, either in time or space. 
The recently disco v ered super-Earth planet Gl 514 b (Damasso

t al. 2022 ), orbiting the nearby (d = 7.6 pc) M-dwarf, is one of
he most interesting cases to investigate potential climates of planets
hat radically differ from the Earth. Due to the combination of its
elatively large semimajor axis (a = 0.422 + 0 . 014 

−0 . 015 au) and eccentricity
e = 0.45 + 0 . 15 

−0 . 14 ), Gl 514 b lies part of the time inside the CHZ (about
4 per cent of the orbital period) and the rest of the time beyond the
uter edge of the CHZ. The fraction of time inside the optimistic HZ
Kopparapu et al. 2013 ) is even higher (37.7 per cent), reinforcing
he importance of Gl 514 b as a test case for a study of seasonal
ariations of habitability. This suggests the presence of strong
easonal variations that impact the actual habitability of the planet.
nvestigating the potential climates of planets that exhibit seasonal
pisodes of habitability can provide insights into the dynamic nature
f planetary habitability and the potential for the support of life
n exotic scenarios. In this sense, the study of the habitability of
l 514 b can be generalized to all those cases in which there are

trong excursions of instellation at different phases of the orbit, thus
elping to define a ‘Seasonal Habitable Zone’. 
© The Author(s) 2024. 
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Table 1. Upper: coordinates, spectral classification, and photospheric, phys- 
ical parameters of Gl 514. Lower: planetary parameters of Gl 514 b. 

Stellar parameters Value Reference 

Spectral type M0.5-M1.0 V 1 
M1.0 V 2 
M0.5 V 4 

Distance, d (pc) 7.617780 ± 0.003175 1 
Ef fecti ve temperature, T eff (K) 3728 ± 68 1 

3707 2 
3697.0 ± 157.0 3 

Metallicity, [Fe/H] (dex) −0.14 ± 0.09 1 
Rotation period, P � , rot (days) 30.6 ± 0.3 1 

28.0 ± 2.9 5 
30.3 ± 0.2 6 
30.8 ± 0.3 6 

Luminosity, L ∗ (log10(L �)) −1.4 + 0 . 1 −0 . 1 1 
−1.398 + 0 . 512 

−0 . 097 2 
−1.37119 + 0 . 09039 

−0 . 11429 3 
Mass, M ∗ (M �) 0.510 ± 0.051 1 

0.45 2 
0.5007770 ± 0.0204632 3 

Radius, R ∗ (R �) 0.500 ± 0.047 1 
0.51 2 

0.5027600 ± 0.0151819 3 
Age, t ∗ (Gyr) > 0.8 1 
Chromospheric activity, log ( R 

′ 
HK 

) −4.86 ( T eff , SpT) 9 
−4.82 ( T eff , M ∗) 9 

−4.88 10 

Planetary parameters 
Averaged semimajor axis, a (au) 0.422 + 0 . 014 

−0 . 015 1 
Averaged instellation, S (S 0 ) 0.28 + 0 . 06 

−0 . 05 1 
Eccentricity, e 0.45 + 0 . 15 

−0 . 14 1 
Orbital period, P (days) 140.43 ± 0.41 1 
Minimum mass, m p sin i (M ⊕) 5.2 ± 0.9 1 

References: 1. Damasso et al. ( 2022 ); 2. Turnbull ( 2015 ); 3. Stassun et al. 
( 2019 ), 4. Ha wle y, Gizis & Reid ( 1996 ), 5. Su ́arez Mascare ̃ no et al. ( 2015 ); 
6. Fuhrmeister et al. ( 2019 ); 7. Gaia Collaboration ( 2021 ); 8. Bailer-Jones 
et al. ( 2018 ); 9. Marvin et al. ( 2023 ); 10. Astudillo-Defru et al. ( 2017a ). 
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In this work, we use an enhanced seasonal-latitudinal EBM featur- 
ng a treatment of the meridional energy transport calibrated with 3D 

odels (Vladilo et al. 2015 ) and an upgraded treatment of surface
lanetary properties (Biasiotti et al. 2022 ), coupled with a physical 
escription of the vertical atmospheric radiative transfer (RT; Simon- 
tti et al. 2022 ). Thanks to the model computational efficiency and
e xibility, we can e xplore the climate impact of planetary properties
nconstrained by observ ations, treating unkno wn quantities as free 
arameters, with the goal to assess how likely is Gl 514 b to be
abitable, at least in a qualitative way, and to generalize our findings
o all high-eccentricity super-Earths of astrobiological interest. 

This paper is structured as follows. In the next section, we discuss
he observational data that are relevant for constraining the climate of
l 514 b. In Section 3 , we describe the climate models employed in
ur analysis. The model parametrization and predictions of climate 
imulations are presented in Section 4 , where we explore how the
urface habitability varies in different plausible scenarios of planetary 
nd atmospheric parameters. These results are discussed in Section 5 
nd the conclusions and implications of this work are summarized in 
ection 6 . 

 SU M M A RY  O F  OBSERVATIONA L  DATA  

.1 The host star Gl 514 

l 514 has been e xtensiv ely monitored since 2004 and its main
roperties are summarized in Table 1 . Essential information on the 
hotospheric and physical parameters have been derived in the last 
ecade (Turnbull 2015 ; Stassun et al. 2019 ). The two most important
uantities that affect the planetary energy budget and climate are 
he absolute luminosity, which determines the instellation of the 
lanet, and the energy distribution of stellar photons, which affects 
he planetary albedo. An M-dwarf star emits a substantial portion of
ts radiation in the near-infrared wavelengths, a factor that profoundly 
nfluences the albedo and climate. Over 90 per cent of the radiation
mitted by the M-dwarf star such as Gl 514 occurs at wavelengths
onger than 0.7 μm, in contrast to nearly 53 per cent for the sun
Shields et al. 2013 ). 

.1.1 The a g e of Gl 514 

he age of the star can be used to estimate the evolutionary state
f the planet. Unfortunately, the age is the quantity most difficult 
o accurately measure in stars (Engle & Guinan 2023 ). Recently, 
amasso et al. ( 2022 ) has provided a lower limit to the kinematical

ge of Gl 514, t � ≥ 0.8 Gyr, considering the deviation of its space
elocities from that of known young stellar moving groups. 

Given the ‘spin-down effect’, whereby the star’s rotation period 
engthen as they age, it is possible to constrain the age of the star
rom a measurement of its rotation period. The rotation period of
l 514 has been estimated adopting distinct methods. Analysis 
f the spectroscopic activity indices from HARPS spectra yield 
 � , rot = 28.0 ± 2.9 d (Su ́arez Mascare ̃ no et al. 2015 ). Analysis
f CARMENES spectra yields 30.8 ± 0.3 d using the H α line 
nd 30.3 ± 0.2 d using the Ca II infrared triplet (Fuhrmeister
t al. 2019 ). Combining 25 yr of observations with the HIRES,
ARPS, and CARMENES spectrographs, Damasso et al. ( 2022 ) 

ound P � , rot = 30.6 ± 0.3 d. From this value and the age–rotation
elationship described in Engle & Guinan ( 2023 ), we derive an age of
3.0 ± 0.9 Gyr. Analysis of TESS photometric data yields a signal 
ith periodicity of ∼2.5 d (Damasso et al. 2022 ; Fetherolf et al.
023 ) that could be interpreted either as a transit or as a modulation
ue to stellar rotation. Ho we ver, the lo w-signal detection ef ficiency
 ∼3.9) found by Damasso et al. ( 2022 ), and the high value reduced χ2 

 ∼2.8) reported in the TESS stellar variability catalogue (Fetherolf 
t al. 2023 ) do not support any of these two interpretations. 

Also the level of stellar activity is age-dependent since the stellar
agnetic field responsible for the activity decreases with time as 

he star spins down. In this context, an important age estimator
or main-sequence stars is the R 

′ 
HK index, which measures the 

hromospheric emission in the cores of the broad photospheric Ca II
 and K absorption lines (Mamajek & Hillenbrand 2008 ). Recently,
studillo-Defru et al. ( 2017a ) measured the R 

′ 
HK of 403 M-dwarfs of

he HARPS sample and derived R 

′ 
HK = –4.879 for Gl 514. A similar

esult was found by Marvin et al. ( 2023 ), despite using different
ethods to measure R 

′ 
HK in M dwarfs. Several attempts to establish

n R 

′ 
HK –age relation have been performed (e.g. Barry, Cromwell 

 Hege 1987 ; Soderblom, Duncan & Johnson 1991 ; Lachaume
t al. 1999 ). Re vie wing these works, Mamajek & Hillenbrand ( 2008 )
ssembled R 

′ 
HK data from the literature for young stellar clusters and

rovided an updated relation (see equation 3 therein), which returns 
 ∗ ∼3.5 ± 1.2 Gyr for Gl 514. This value is in accordance with the
 alue deri ved from the age–rotation relationship. 
MNRAS 530, 4300–4316 (2024) 
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Figure 1. Eccentricity versus orbital period for the confirmed exoplanets 
orbiting around M-type stars. The red dot shows the position of Gl 514 b. The 
instellation flux of each planet is highlighted by a colourbar. Horizontal lines 
indicate the mass of Solar system giant planets. 
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.2 The planet Gl 514 b 

he analysis of the radial-velocity data collected over 25 yr indicates
hat Gl 514 b has a minimum mass M p sin i = 5.2 ± 0.9 M ⊕ (Damasso
t al. 2022 ). To date, no transits of Gl 514 b have been detected.
 search for transit-like signals in the light curv es observ ed by
ESS (Ricker , W inn & Vanderspek 2015 ) has given negative results
Damasso et al. 2022 ). Despite the lack of radius measurement, the
hance that Gl 514 b is a rocky super-Earth is high, with a posterior
ransit probability of 0.63 per cent. 1 Indeed, the probability that
he orbital inclination i lies between 30 ◦ and 90 ◦ is 	 87 per cent
Fischer et al. 2014 ), meaning that the mass lies within a factor of
 of the minimum mass, posing Gl 514 b as a super-Earth (Valencia,
’Connell & Sasselov 2006 ). Assuming an internal composition

imilar to that of the Earth (25 per cent of Fe and 75 per cent of rock)
e can estimate the radius, R P , and the gravity, g , that are required

or the climate calculations, by means of a mass–radius relationship
erived from statistical studies of exoplanets. By inserting M p =
.2 M ⊕ in the relation derived by Fortney, Marley & Barnes ( 2007 ),
e obtain R p = 1.57 R ⊕ and g = 2.1 g ⊕. Luckily, climate models are

obust against small variations in R p and g (see Section 3 ). This fact
rovides confidence in the overall predictive analysis performed in
his work. 

.2.1 The orbital eccentricity 

everal studies have investigated the critical role of eccentricity on
xoplanets’ climates and habitability (e.g. Williams & Pollard 2002 ;
ressing et al. 2010 ; Linsenmeier, Pascale & Lucarini 2015 ; Wang

t al. 2017 ; Way & Georgakarakos 2017 ; Kane et al. 2021 ; Damasso
t al. 2022 ). These works generally agree on assuming such worlds
abitable, despite the dramatic seasonal changes in the instellation
etween the periastron and the apoastron. Ho we v er, the y concur
hat planets located near the outer regions of the habitable zone

ay enter a globally frozen ‘snowball’ state, posing a threat to their
bility to support water-based life (Dressing et al. 2010 ). Detailed
limate studies of highly eccentric planets provide a means for testing
hese predictions. In this context, Gl 514 b offers the best chance for
uch investigations. In fact, among the confirmed exoplanets orbiting
round M-dwarfs, only two super-Earths may have an eccentricity as
igh as Gl 514 b: Wolf 1061 d ( e = 0 . 55 + 0 . 08 

−0 . 09 , Astudillo-Defru et al.
017b ) and, possibly, TOI-1470 c ( e < 0.50, Gonz ́alez- ́Alvarez et al.
023 ) (see Fig. 1 ). Gl 514 b periodically traverses the conserv ati ve
Z, residing within this zone for nearly 34 per cent of its orbital
eriod (see fig. 16 in Damasso et al. 2022 ). The elongated orbit of Gl
14 b induces an instellation about 7 times stronger at the periastron
0.611 au) than at the apoastron (0.231 au). Since the planet mo v es
lower near the apoastron than near the periastron, the winter/summer
eason around the apoastron can be considerably longer than the
ummer/winter season around the periastron. Whether these dramatic
hanges in instellation may cause extreme seasonal variations is
iscussed in Section 4 . 

.2.2 Long term evolution of planetary properties 

he luminosity of the star as well as the boundaries of its CHZ change
uring its lifetime. The shaded area in light-blue in Fig. 2 shows the
NRAS 530, 4300–4316 (2024) 

 This value has been calculated adopting the formulation given by Stevens 
 Gaudi ( 2013 ) and it is very similar to the geometrical transit probability of 

.5 per cent (Damasso & Nardiello 2022 ; Damasso et al. 2022 ). 

=  

f

Q

emporal variation of the boundaries of the CHZ, computed adopting
he evolutionary model for a star with a mass of 0.5 M �, similar to
l 514 (Baraffe et al. 1998 ). The red bar, plotted for a putative age
f ∼3 Gyr, represents the present-day excursion between periastron
nd apoastron, the latter lying well beyond the outer edge of the
HZ. Assuming a modest evolution of the orbital parameters, one
an see that in the early stages after planetary formation the planet
as predominantly in habitable conditions for a period of a few
0 7 yr. This encourages us to explore to which extent the habitability
ay persist up to the present time. 
Besides the instellation, also the orbital eccentricity and planet

otation period vary with time as a result of the tidal interactions with
he central star. The high orbital eccentricity of Gl 514 b suggests that
he system is dynamically young. Ho we ver, it is hard to constrain the
ge from this argument, because orbital circularization around low-
ass stars is predicted to take place in time-scales that range from
 few 10 8 up to a few 10 9 yr, depending not only on the stellar and
lanetary parameters, but also on the type of model adopted (Barnes
017 ). In any case, the high eccentricity suggests that the age of the
ystem might be closer to the lower bounds of the estimates of t � . 

For the purpose of the climate modellization it is important to
nderstand whether or not Gl 514 b is tidally locked as a result of the
otational spin-down. To test if the planet lies within the tidal lock
imit, r τ , we adopted the formula (Peale 1977 ) 

 τ ∝ K R 

1 / 2 
P M 

−1 / 6 
P P 

1 / 6 
rot, init M 

1 / 3 
� t 1 / 6 � , (1) 

here the coefficient K depends on the tidal parameters of Gl 514 b,
uch as the dissipation function of the planet, Q , and the tidal Lo v e
umber, k 2 . Accurate determination of these parameters, taking
nto account the internal planetary structure, is fundamental to
haracterize the rotational and orbital history (Tobie et al. 2019 ).
n the present work, we adopt two values of k 2 / Q that provide a sort
f lower and upper limit for r τ . One is based on the most accurate
easurement derived for the Moon (Dickey et al. 1994 ), i.e. k 2 / Q
 0.001136 ± 0.000016. For the other one we adopt the dissipation

unction (Tobie et al. 2019 ) 

 = 10 ( A + Bα) ×
(

χη

χref ηref 

)α

, (2) 
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Figure 2. Shaded area in light blue: temporal evolution of conservative HZ 

limits (Kopparapu et al. 2013 ) obtained from the stellar evolutionary tracks of 
Baraffe et al. ( 1998 ). The horizontal arrow shows the apoastron and periastron 
of Gl 514 b for a putative age of ∼3 Gyr, whose errors are delimited by the 
vertical bar. The other shaded areas indicate the tidal lock limit assuming 
three distinct initial rotation periods for the planet: P rot, init = 0.1 (orange), 1 
(green), and 10 (pink) d (see Table 2 ). 

Table 2. Tidal lock radius, r τ , calculated with equation ( 1 ) for t � = 3 Gyrs. 
First row: results obtained for k 2 / Q = 0.0011, similar to that derived for the 
Moon (Dickey et al. 1994 ). Second row: results obtained for Q and k 2 values 
specific for a super-Earth (see subsection 2.2.2 ). 

k 2 / Q P rot, init (d) 
0.1 1 10 

r τ (au) 0.0011 0.26 0.38 0.55 
r τ (au) 0.0050 0.37 0.54 0.79 
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here the coefficients A and B depend on the iron content, δFe . 2 , ηref 

s the reference value for the viscosity profile ( ηref = 2 π /1 d), and χ ref 

 5 × 10 22 Pa s is a reference viscosity in the high-pressure silicate
antle layer, where α = 0.3. For ηχ in the range 10 16 –10 18 Pa,

ypical of a rocky super-Earth, Q varies from 90 to 360, well abo v e
he Earth value ( Q ∼12, Murray & Dermott 1999 ). These higher
alues of dissipation factor are appropriate for super-Earths because 
he rigidity increases due to self-gravitation, suppressing tidal bulges 
Efroimsk y 2012 ). F ollowing a similar approach, we estimate k 2 
s a function of the planetary mass and iron content adopting the
arametrization (Tobie et al. 2019 ) 

 2 ( δFe ) = k 
1 M ⊕
2 ( δFe ) −

⎡ 

⎢ ⎣ 

1 −
(

g 

g ⊕

)2 

1 + 

(
g 

g ⊕

)2 

⎤ 

⎥ ⎦ 

× 	k 2 ( δFe ) , (3) 

here k 1 M ⊕
2 is the k 2 value for a mass equal to that of the Earth and

 k 2 is the correction required to obtain k 2 for masses ranges from
.1 to 10 M ⊕. These coefficients can be estimated as a function of
ron content using a polynomial fit provided by Tobie et al. ( 2019 ).
n this way, adopting g = 2.1 g ⊕ for Gl 514 b, we obtain k 2 = 0.45
hich, combined with Q = 90, yields k 2 / Q = 0.005. 
 We assume an internal composition similar to that of the Earth, δFe = 25 
er cent. 

o

3

Fig. 2 sho ws ho w the tidal lock radius, r τ , calculated at t � = 3 Gyr
ompares with the planet position ( a = 0.42 au), depending on the
nitial rotation period, P rot, init , and the adopted value of k 2 / Q . Since
l 514 b is more massive than the Earth, it may have accumulated
 larger angular momentum, L ∝ MR 

2 w, at the stage of its accretion,
tarting its dynamical evolution with a fast rotation 3 Assuming P rot, init 

 0.1 d, Gl 514 b would become tidally locked only after 5 Gyr. We
onclude that spin-orbit tidal synchronization did not take place for 
ost of the planet’s life, and perhaps may not have yet occurred up to

he present time. For this reason, and due to limitations of the validity
f our code, Earth-like planets Surface Temperature Model (ESTM), 
t very short and long rotation periods (Vladilo et al. 2015 ; Biasiotti
t al. 2022 ), here we consider rotation periods in the interval 0.5–10 d
o explore the potential climates of Gl 514 b (see further section). It
s worth recalling that zonally averaged models, as ESTM, cannot be
pplied to tidally locked planets that al w ays expose the same face to
heir host stars. 

Finally, it is worth mentioning that also stellar encounters may 
lay a role in the long term dynamical evolution of the planet orbital
arameters. As a matter of fact, in the case of the Solar system, chaotic
iffusion of rocky planets can be triggered by the perturbations 
hat stellar passages impart on the orbits of giant planets (Kaib
 Raymond 2024 ). Modelling these perturbations in the case of
l 514 b is beyond the scope of the present work. 

 M E T H O D S  

he aim of the this Paper is to derive the surface temperature ( T )
f Gl 514 b in order to calculate two inde x es of partial habitability,
 and h c , detailed in Vladilo et al. ( 2015 ) and briefly described in
ubsection 3.3 . Apart from the minimum mass of the planet and
ome of its orbital elements ( a and e ), no other data is currently
vailable about this object. Moreo v er, e is subject to a relatively
arge error, at least with respect to its potential impact on the planet’s
limate. As such, studying the climate of Gl 514 b is only possible by
reating a variety of fundamental but completely unknown planetary 
e.g. axis obliquity, rotation period) and atmospheric (e.g. surface 
ressure, chemical composition) features as free parameters and 
y performing a parameter space exploration. Further, we detail 
he coupled RT and climate model employed in this work and the
pecific parametrizations concerning the surface and cloud properties 
dopted. 

.1 The ESTM model 

he ESTM is a seasonal-latitudinal EBM with enhanced parametriza- 
ions of the horizontal heat diffusion, the cloud radiative properties 
nd ice co v erage growth. At its core, ESTM integrates the diffusion
quation of energy balance (e.g. North & Coakley 1979 ; North, Short
 Mengel 1983 ; Williams & Kasting 1997 ; Spiegel, Menou & Scharf

008 ) 

 

∂ T 

∂ t 
− ∂ 

∂ x 

[
D (1 − x 2 ) 

∂ T 

∂ x 

]
+ O = S (1 − A ) , (4) 

here x = sin ϕ. The model converges to a limit cycle after a number
f orbits, giving as output a map of T as a function of the latitude
 and the orbital phase t . Longitudinal variability is neglected and
 ( ϕ) is averaged over one rotation period. We summarize each term
f the equation starting from the left side 
MNRAS 530, 4300–4316 (2024) 

 Giant planets in the Solar system have a fast rotation period. 
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(i) the term C represents the zonal heat capacity. In this work we
onsider three type of surfaces, namely land, ocean and ice, all of
hich contribute to the final thermal capacity at each latitude by their

o v er fraction. As far as the thermal impact of the oceans, in line with
revious climate studies performed with EBMs, we account for the
hort-term thermal impact of oceans by considering the contribution
f the mixed layer. Specifically, we adopt a mixed-layer contribution
 C ml ) equi v alent to the thermal inertia of a 50-m wind-mixed ocean
ayer (Biasiotti et al. 2022 ). 

(ii) The diffusion term D describes the meridional heat transport,
hich is treated as purely dif fusi ve 

 ≡ −D 

∂ T 

∂ ϕ 

, (5) 

here 2 πR 

2 � cos ϕ is the net rate of atmospheric heat transport across
 circle of constant latitude and R is the planet radius. In ESTM, D is
 function of the planetary radius and rotational period, the surface
ressure and gravity, the mean molecular weight, and the absolute
umidity. The enhanced efficiency associated with a Hadley cell-like
irculation is taken into consideration, as it is the displacement of
he thermal equator in planets with non-zero obliquities. 

e refer the reader to (Vladilo et al. 2015 ) for a detailed description
f the physics behind this formalism; 
(iii) The Outgoing Longwave Radiation ( O) represents the ther-
al radiation emitted to space at each latitude as a function of T . In

ur model, O is calculated for a specified set of atmospheric prop-
rties (chemical composition, surface pressure, vertical pressure–
emperature profile) and for a grid of T values by EOS, saved in a
ook-up table and interpolated during calculations by ESTM; 

(iv) S is the instellation, calculated in a set of specified points of
he orbit. In this work, we integrate equation ( 4 ) on 24 points. 

(v) The term A is the planetary albedo at the top of the atmosphere.
s for O, ESTM interpolates A from look-up tables, pre-calculated
y EOS on a grid of T , stellar zenith angles z and surface albedos a srf .
he albedo of clouds is taken into account separately via a simplified
arametrization. 

The ESTM code has been e xtensiv ely calibrated and validated
sing both Earth data (Biasiotti et al. 2022 ) and the results of
ophisticated 3D GCMs (Vladilo et al. 2015 ). It has already been
mployed to study the habitability of Kepler-452b (Silva et al. 2017 ),
he Snowball-Temperate climate bistability (Murante et al. 2020 )
nd the climate of the Early Mars (Simonetti et al. 2024 ). It is also a
articipant of the Functionality of Ice Line Latitudinal EBM Tenacity
FILLET) Intercomparison Project (Deitrick et al. 2023 ). Finally, it
s worth mentioning that zonally averaged models, as ESTM, cannot
e applied to tidally locked planets that al w ays expose the same face
o their host stars (Vladilo et al. 2015 ). 

.2 The EOS model 

OS (Simonetti et al. 2022 ) is a RT model derived from the
PU-accelerated codes HELIOS (Malik et al. 2019 ) and HELIOS-
 (Grimm et al. 2021 ) which has been validated against other

tandard RT suites for a wide range of atmospheric chemical
ompositions. It operates in the two-stream approximation and
ncludes prescriptions for non-isotropic scattering. RT calculations
an be carried on either line-by-line or using k-distribution opacities.
OS can be operated both ‘forward’, i.e. by specifying S and

etrieving a vertical atmospheric pressure–temperature profile and
 T value, or ‘backward’, that is, by imposing a profile and a
 and obtaining a O and a reflectance values as a result. The S 
NRAS 530, 4300–4316 (2024) 
eeded to sustain the initially specified T can then be obtained by
onsidering the energy balance equation for a single atmospheric
olumn: O = S (1 − A ). 

In this w ork, we emplo yed EOS to calculate the RT look-up tables
or our seasonal-latitudinal EBM via the ‘backward’ method (Kasting
t al. 1993 , as e.g. in). O has been calculated on an evenly spaced
rid in T in the [160, 360] K interval, with a 5 K step, for each
otal dry surface pressure p tot in the { 1.0, 2.0, 4.0, 6.0, 8.0, 10.0,
2.8, 16.7, 22.0 } bar set. For T corresponding to p tot higher than
he condensation pressure of the main atmospheric gas, CO 2 , the
ondensation pressure has been used instead. A has been calculated
or the same p tot and T interval, but using a 20 K step. As for
he two other quantities ( z and a srf ) A depends upon, we adopted
he { 0, 45, 60, 70, 75, 80, 83, 85, 88 } ◦ and { 0.0, 0.15, 0.30, 0.6,
.9 } grids, respectively. We used the spectral-line lists available on
ITRAN2020 (Gordon et al. 2022 ) for three gases: CO 2 , H 2 O, and
H 4 . The reasons for these choices are discussed in subsection 3.4 .
he CO 2 absorption lines are modelled following Perrin & Hartmann
 1989 ) and the wings are truncated at 500 cm 

−1 from the line centre,
hile the H 2 O and CH 4 absorption lines are considered Voigtian

nd truncated at 25 cm 

−1 . We also included the CO 2 –CO 2 Collision-
nduced Absorptions (CIAs) in the 0–750 cm 

−1 (Gruszka & Borysow
997 , 1998 ) and 1000–1800 cm 

−1 (Baranov & Vigasin 1999 ) ranges
nd the CO 2 -CH 4 CIAs in the 0–2000 cm 

−1 range (Wordsworth et al.
017 ). Self- and foreign-induced CIAs for H 2 O have instead been cal-
ulated using the MT CKD v3.4 (Clough, Kneizys & Davies 1989 ;
lawer et al. 2012 ) model. All the considered species contribute

o the atmospheric reflectance via Rayleigh scattering (Sneep &
bachs 2005 ; Wagner & Kretzschmar 2008 ). Concerning the vertical

tructure of the atmosphere, we adopted two saturated moist pseudo-
diabatic profiles for the lower and upper tropospheres, where H 2 O
nd CO 2 condensation can respectively occur, and a 155 K isothermal
tratosphere. The atmosphere is divided in a number of log-spaced
ayers, adjusted in order to maintain a constant layer density of 10
er order-of-magnitude in pressure. The uppermost layer is al w ays at
0 −5 bar. 

.3 The habitability indexes h and h c 

or the purpose of this investigation, we derive the fractional
abitability index, h , from the latitudinal and seasonal variations of
urface temperature, T ( t , ϕ), by adopting the liquid-water temperature
hresholds, T ice and T boil , representative of the thermal limits of a
abitable environment. The former refers to the lower limit for the
resence of liquid water, that is, 273.15 K, whereas T vapour = T boil ( p tot )
s the water boiling point, which depends on the surface pressure.
n practice, we calculate the mean fraction of planet surface that is
abitable during the orbital period using the relation (Vladilo et al.
013 ; Jansen et al. 2019 ) 

 = 

∫ π/ 2 
−π/ 2 d ϕ 

∫ P rot 

0 d t [ H ( t , ϕ) cos ϕ] 

2 P rot 

, (6) 

here H ( t , ϕ) is the habitability function, which is defined as a boxcar
unction, such that H ( t , ϕ) ≡ 1 when T ( t , ϕ) ∈ ( T ice , T boil ) and H ( t , ϕ)

0 when T ( t , ϕ) 
∈ ( T ice , T boil ). In addition to h , we also calculate the
ontinuous habitability index, h c , by summing the fractional areas of
he latitude zones that are continuously habitable during the whole
rbital period (see Vladilo et al. 2013 ). By construction, h c = 0 if
ll the latitude zones undergo a period of non-habitability during the
rbital revolution. 
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Table 3. Grid of parameters adopted for the simulations. The derived values 
of planetary albedo are associated to the mean annual value of μ = cos Z = 

0.5, where Z = 60 ◦. 

Albedo parameters Value Reference 

Land albedo, a l (bare land) 0.38 1 
Ice o v er land albedo, a il (snow) 0.52 1 
Ice o v er ocean albedo, a io 0.35 1 
(mixture of 60 per cent snow and 40 per cent blue 
marine ice) 
Cloud albedo, a c 0.40 2 

References: 1. Shields et al. ( 2013 ); 2. Ding et al. ( 2021 ); 3. Biasiotti et al. 
( 2022 ). 
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4 We refer to the broad-band planetary albedos indicated in Table 2 and 
calculated without including Rayleigh scattering, atmospheric gas absorption, 
and clouds. 
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.4 Atmospheric parameters 

ince Gl 514 b recei ves a lo wer instellation than Earth, we model
ts atmosphere as CO 2 -dominated, following the long-standing ar- 
ument that, on planets colder than Earth, CO 2 tends to accumulate 
ue to inef ficient remov al by silicate weathering (Walker, Hays &
asting 1981 ). CO 2 is one of the main components of degassed
uids on Earth (e.g. Giggenbach 1996 ) and likely on other planets
Gaillard & Scaillet 2014 ) and it is relatively stable against photolysis
nd non-hydrodynamic atmospheric escape due to its relatively high- 
olecular weight. As such, it is a good candidate as the main

reenhouse contributor in exoplanets near the outer edge of the CHZ
Kasting et al. 1993 ). We also include H 2 O by setting a constant
elati ve humidity ( RH ) e verywhere in the troposphere of 100 per cent.
his value is higher than the average RH of Earth (60 per cent, see e.g.
g. 2 in Brun et al. 2022 ) but it is usually assumed in the calculation of

he outer edge of the CHZ (Kopparapu et al. 2013 ), thus simplifying
he comparison between our results and the literature. 

Methane is another important gas that might significantly con- 
ribute to the habitability of super Earths (Ramirez & Kaltenegger 
018 ), although its ef fecti veness depends strongly on the Spectral
nergy Distribution (SED) of the incoming stellar light. At variance 
ith other reduced species that can enhance the greenhouse effect 
n a rock y e xoplanet (Sagan & Chyba 1997 ), CH 4 is the only
ne that we empirically observe in high concentrations, namely 
n the atmosphere of Titan (Catling & Kasting 2017 ). CH 4 can be
roduced by the serpentinization of mafic and ultramafic rocks by 
ater (Chassefière et al. 2013 ) and can potentially be maintained 

t the percent concentration level even if this process happens over 
 small fraction of the planetary surface (Ramirez & Kaltenegger 
018 ). There is evidence that serpentinization happens also in very 
ry environments, such as the present-day Mars (Etiope, Ehlmann 
 Schoell 2013 ), thus it is reasonable to assume it can take place

n Gl 514 b. Alternati vely, at relati vely high concentrations ( ∼10
er cent) the formation of antigreenhouse, reflective organic hazes 
s expected to happen (Trainer et al. 2006 ). As such, for this work
e limit ourselves to modestly CH 4 -enriched cases, that are more 

ikely to occur and easier to model with EOS. In particular, we tested
tmospheres with three CH 4 concentration values x CH 4 : 0 per cent, 
.1 per cent, and 1 per cent. 
The interval of pressures that we decided to investigate is instead 

ictated by the maximum greenhouse limit for a CO 2 -dominated 
tmosphere. CO 2 is an efficient Rayleigh scatterer, which causes 
 to increase as a function of p tot . Abo v e a giv en surface pressure

hreshold p thr , this becomes dominant o v er the greenhouse effect
nd further additions of CO 2 cool, rather than warm, the planet. For
l 514 b and the case with x CH4 = 0 per cent, p thr ∼17 bar if a srf 

 0.2, or ∼23 bar if a srf = 0.38. Another issue that may arise at
igh enough p tot is the condensation of CO 2 at surface. At 273 K,
he condensation pressure of CO 2 is 34.7 bar. In order to a v oid the
omplications related to the presence of a dual liquid reservoir (i.e. 
ater and CO 2 ) on the surface, we limit ourselves to pressures below
3 bars. 

.5 Surface properties 

OS-ESTM calculates the value of a srf at each latitudinal zone by 
veraging the albedo of each of the four types of surfaces treated by
he model (i.e. land, ocean, marine ice, and land ice) in that zone,
roperly weighted according to their fractional co v erage. Since a srf 

epends on SED of the star, we cannot use the v alues deri ved in
iasiotti et al. ( 2022 ) for the Earth–Sun system. Instead, we adopt
he results of Shields et al. ( 2013 ) 4 , who calculated the theoretical
eflectances of several type of planetary surfaces illuminated by the 

3-type star AD Leo, which has a spectral distribution similar to that
f Gl 514. Specifically, we adopt a land albedo a l equal to 0.38 (see
able 3 ), which refers to a bare, desert-like surface, an albedo of ice
 v er lands a il equal to 0.5, which refers to a surface totally co v ered
y snow, and an albedo of ice o v er oceans a io equal to 0.35, that
orresponds to a mixture of 62 per cent of blue marine ice and 38
er cent of snow. 

The albedo of the oceans ( a o ) plays an especially important role
ue to our choice of treating the planet as having a high (0.75) fraction
f the surface co v ered by water. While planetary habitability seems
ot to strictly require such a high water content, and the biosphere
ifetime might even be longer on planets with a smaller surface
ater reservoir (e.g. Abe et al. 2011 ; Zsom et al. 2013 ), we see no
articular reason against choosing an Earth-like value for Gl 514 b.
hields et al. ( 2013 ) (see fig. 1 therein) shows that the effect of the
ost star SED on the albedo of oceans is negligible. Therefore, we
tick to the parametrization described in Biasiotti et al. ( 2022 ), which
s taken from Enomoto ( 2007 ). All the surface albedos depends of z.

As far as the ice fractional co v erage is concerned, we stick to
he prescriptions specified in Biasiotti et al. ( 2022 ). The ice co v er
ncreases when T decrease following a generalized logistic function 
alibrated on Earth data and separately for lands and oceans. 

.6 Cloud properties 

he significance of clouds in the thermal equilibrium of a planet poses 
 critical challenge for classic EBMs, since no explicit fluid dynamics
alculation is carried out. As such, no microphysical properties of 
louds can be actually replicated using EBMs, that are instead limited
o simplified parametrizations of their spatial distribution and bulk 
adiative impact on the zonal energy balance. EOS-ESTM adopts a 
imilar approach by modelling clouds in terms of fractional co v erage
 c , which in turn depends on the type of underlying surface, albedo
 c and OLR forcing CRE . 
More specifically, we assume that a c depends on (i) the mean

tellar zenith distance of the latitude zone of interest and (ii) the
lbedo of the underlying surface. The latter dependence is captured 
y considering the shortwave transmittance coefficient t , that is, the
raction of radiation not absorbed between the cloud top and the
urface. The t and CRE parameters scale with T in order to take into
MNRAS 530, 4300–4316 (2024) 
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Figure 3. Predicted values of the habitability index, h , as a function of the ocean co v er fraction and total surface pressure for three different atmospheric 
compositions. Left panel: CO 2 -dominated; middle panel: CO 2 + 0.1 per cent CH 4 ; right panel: CO 2 + 1 per cent CH 4 . For the remaining parameters we adopt ε
= 23.44 ◦, P rot = 1 d and ω peri = 0 ◦. The dashed areas indicate the parameter space in which atmospheric CO 2 condensates. 
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onsideration, albeit in a simplified way, the different properties of
hick intertropical and thin polar clouds. 

The values and dependences of t , CRE , and the cloud co v er
ractions o v er land, ocean and ice are kept equal to those presented
n tables 7 and 8 in Biasiotti et al. ( 2022 ). On the other hand, we
djusted a c in order to take into consideration the difference in the
EDs of the sun and Gl 514 by means of the following procedure. 
First, we convolved the SED of both the sun and Gl 514 with

he average spectral reflectance of the Earth clouds 5 The spectral
eflectance of clouds w as tak en from existing literature. In particular,
e consider the data published by Ding et al. ( 2021 ), who computed

he o v erall reflection spectrum of Earth clouds without distinguishing
etween high-, mid-, and low-altitude ones (as happens in EOS-
STM). Secondly, we compared the two results, finding that Earth-

ike clouds are ∼10 per cent less reflective when illuminated by
-type star, with respect to the solar case. Thus, we adopt a c = 0.40.

 RESU LTS  

he models described in the previous section were applied to explore
ow the climate and habitability of Gl 514 b are affected by different
ets of planetary and orbital configurations. For each set of climate
imulations we calculate the surface temperature distribution, T ( ϕ,
 ), and the habitability index, h , for the three atmospheres described
n subsection 3.4 . 

For each atmospheric composition we vary the surface pressure,
 tot , to assess how the climate is affected by changes of the
tmospheric column, N atm 

= p tot /g. This quantity represents the
tmospheric mass per unit surface area and has a strong impact on the
limate for two reasons. First, for a given atmospheric composition
nd in the investigated p tot interval, the greenhouse effect increases
ith N atm 

; in our model this effect is taken into account by the EOS
T calculations. Secondly, the efficiency of the atmospheric transport
long the planet surface increases with N atm 

; in our model this effect
s accounted for by the diffusion term D, which increases linearly
ith N atm 

. It is worth noticing that, as long as Gl 514 b is a rocky
uper-Earth, the percent uncertainty in g is small, and does not affect
ignificantly the estimates of N atm 

= p tot /g. 
Since the atmospheres that we consider are CO 2 -dominated,

e also take into account the possibility that condensation of
tmospheric CO 2 may occur. To this end we adopt the function for
NRAS 530, 4300–4316 (2024) 

 To conduct this computation, we again employ the spectrum of AD Leo 
M3V), for the sake of homogeneity with our choices regarding the surface 
lbedos. 

a  

t  

H  

s  

l  
he saturation vapour pressure of CO 2 reported in Kasting ( 1991 ).
he condensation of atmospheric CO 2 would drive a collapse of

he atmosphere and the formation of CO 2 ices on the surface. The
ashed areas in the figures shown in this section indicate regions of
he parameter space where this effect is predicted to take place.
f the atmosphere undergoes collapse, the surface habitability is
ompromised. 

.1 Dependence on planetary parameters 

.1.1 Surface distribution of oceans and continents 

OS-ESTM incorporates planet geography in a schematic way,
ssigning to each latitude zone a fractional co v erage of oceans, f o ,
hich implies a fractional co v erage of lands, f l = 1 - f o . To explore

he effects of geography on habitability we first changed the global
o v erage of oceans, keeping f o constant at all latitudes, and then we
xed the global coverage of oceans, changing f o according to the

atitude. 
The results of the first test are shown in Fig. 3 , where we show the

ariation of h as a function of f o and p tot . The general trend is that as
he co v erage of oceans increases: (i) the range of habitable conditions
roadens, embracing lower and lower atmospheric pressures; (ii) the
abitability tends to rise with increasing CH 4 content. These trends
an be explained as a result of the increasing thermal inertia of
he climate system with increasing f o . As the pressure increases,
he efficient atmospheric diffusion combines with the high thermal
nertia of the oceans, yielding year-long habitable conditions despite
he relati vely lo w instellation of Gl 514 b. For the model with higher
H 4 content these effects can be seen in the maps of seasonal-

atitudinal evolution of surface temperature plotted at selected values
f ocean co v er and surface pressure (Fig. 4 ). Only at the highest
ressure the collapse of the CO 2 -dominated atmospheres can be
revented in all latitude zones. 
For the second test, following Vladilo et al. ( 2013 , 2015 ), we fixed

he global ocean co v erage, f o = 0.7, and we considered two model
eographies (1) an equatorial continent, and (2) a polar continent.In
ractice, the case (1) represents a continent located at latitudes
ithin ±25 ◦, whereas the case (2) represents a polar continent at

atitudes below −25 ◦. In Fig. 5 we show how these different types
f model geographies introduce modest effects on the mean global
nnual temperature. Similarly, the mean annual habitability is almost
he identical in the two continental configurations at all pressures.
o we ver, in the case of the polar continent, the fraction of habitable

urface shows little seasonal oscillations, due to the formation of a
arger ice cap in the presence of a polar continent. This behaviour
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Figure 4. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 3 c (case with 1 per cent CH 4 ) at constant values of 
ocean co v er (from left to right: f o = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) and total pressure (from top to bottom: p tot = 5994, 4641, and 3593 mbar). For p tot = 5994 mbar, 
the equatorial habitable belt extends towards the poles with increasing f o . For p tot = 3593 mbar, T ≥273.15 K only in a limited equatorial zone, for f o ≥ 0.6. 

Figure 5. Seasonal and latitudinal evolution of the surface temperature of Gl 514 b for two model geographies at fixed ocean coverage (70 per cent) and three 
values of surface pressure in a CO 2 -dominated atmosphere with 1 per cent of CH 4 . Left panel: equatorial continent spread o v er all longitudes. Right panel: polar 
continent centred at latitude −90 ◦. The surface pressure is 4.641 (top panel), 3.593 (central panel), and 2.782 (bottom panel) bar. For the remaining parameters 
we adopt ε = 23.44 ◦, P rot = 1 d, and ω peri = 0 ◦. 
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s probably due to the combination of two factors (i) the land has
 lower thermal capacity ( C l = 1 × 10 6 J m 

−2 K 

−1 ) than the water
 C o = 210 × 10 6 J m 

−2 K 

−1 ) and (ii) the albedo of ice o v er ocean ( a io 
 0.35) is much lower than that of ice o v er land ( a il = 0.52). 
We conclude that the the global fraction of oceans co v erage affects

he climate more significantly than the latitudinal distribution of 
ceans and continents. 
Aside for the mean annual values, we are also interested in studying 
he seasonal T variability, which in our model is directly related to
he seasonal habitability of the planet. Since f o impacts the o v erall
hermal inertia of the planet, it plays a crucial role in shaping this
alue. This can be observed in Fig. 5 by comparing the cases with
 o = 0.0 and f o = 1.0 at p tot ∼6.0 bar. In the former, 	 T ≡ T max 

T min ∼13 K at the tropical latitudes, that is, ± 23 ◦, while in the
MNRAS 530, 4300–4316 (2024) 
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Figure 6. Predicted values of the habitability index, h , as a function of the planet rotation period and total surface pressure for three different atmospheric 
compositions. Left panel: CO 2 -dominated; middle panel: CO 2 + 0.1 per cent CH 4 ; right panel: CO 2 + 1 per cent CH 4 . For the remaining parameters we adopt ε
= 23.44 ◦, f o = 0.75, and ω peri = 0 ◦. The dashed areas indicate the parameter space in which atmospheric CO 2 condensates. 

Figure 7. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 6 b (case with 0.1 per cent CH 4 ) at constant values of 
planetary rotation period (from left to right: 0.5, 1, 2, 4, and 8 d) and total pressure (from top to bottom: p tot = 5996, and 4641 mbar). 

l  

d
o  

p

4

I  

e  

s  

E  

s  

l  

2  

5  

t  

p  

i  

r  

p  

h  

(  

r  

m  

s  

c  

r  

o
c  

w
 

p  

h  

e
∼  

w
 

l  

i  

i  

o  

v

4

I  

&  

e  

l  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4300/7659367 by guest on 14 January 2025
atter it decreases to 3 K. If the ocean fraction is high it completely
ominates the planetary heat capacity and, in fact, the effect of p tot 

n 	 T becomes negligible. This is clear if we compare the cases with
 tot ∼6.0 bar and 3.6 bar, both of which show 	 T ∼3 K. 

.1.2 Rotation period 

n a rotating planet, the Coriolis forces tend to damp the atmospheric
nergy transport from the equator to the poles, the effect becoming
tronger with increasing angular velocity of rotation, � = 2 π / P rot . In
OS-ESTM this effect is incorporated in the diffusion term, which
cales as D ∝ �−4 / 5 according to an analytic formulation of the
atitudinal transport calibrated with 3D climate models (Vladilo et al.
015 ). In Figs 6 , 7 , and 8 we show results of climate simulations of Gl
14 b performed by varying P rot and total pressure, p tot . As a general
rend, two effects are visible as the rotation period increases (i) the
lanet habitability tends to increase and (ii) the surface temperature
s homogenized, particularly in the high-pressure regime (see top
ow of Fig. 8 ). This effect is expected because D also increases with
 tot . On the extreme case of a rapid-rotating planet ( P rot = 0.5 d) a
abitable belt can built up at the equatorial zone for p tot < 4.0 bar
in the central left panel of the figure). At the other extreme of low
otation periods ( P rot = 8 d) and p tot > 4.0 bar the habitability index is
aximized (in the top-right panel of the figure). The simulations also

ho w remarkable dif ferences, depending on the adopted atmospheric
NRAS 530, 4300–4316 (2024) 
omposition. In the model with higher CH 4 content, the planet
otation period has a negligible impact on h , with a general trend
f increasing h with decreasing p tot (up to ∼3.5 bar). At low CH 4 

ontent, we find an increase in the habitability with increasing P rot ,
ith sudden transitions from h 	 1 to h = 0. 
At variance with the global fraction of oceans, we find that the

lanetary rotation period has only a minor impact on the seasonal
abitability. This effect is visible in Fig. 8 by comparing the two
xtreme cases tested here, P rot = 0.5 and 8 d, for the same p tot 

6.0 bar: at tropical latitudes, we find that in the former 	 T ∼4 K,
hile in the latter 	 T ∼3 K. 
Tests with even a moderate variation, for example ∼30 per cent

arger planetary radius (e.g. 2.1 R ⊕), provide higher habitability
ndices even for ∼13 per cent lower surface pressure (e.g. ∼2.8 bar),
n the case of a high methane content. This evidences the robustness
f the model against variations of R P . We obtain similar results also
arying the other planetary and orbital parameters. 

.1.3 Axis obliquity 

n the last two decades, several climatological studies (e.g. Williams
 Pollard 2002 ; Dressing et al. 2010 ; Spiegel et al. 2010 ) have

xplored the role of obliquity on the planetary climate finding that
arger values tend to increase the globally averaged temperature of a
lanet. In addition, Williams & Pollard ( 2003 ) found that planets with
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Figure 8. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 6 c (case with 1 per cent CH 4 ) at constant values of 
planetary rotation period (from left to right: 0.5, 1, 2, 4, and 8 d) and total pressure (from top to bottom: p tot = 4641, 3593, and 2782 mbar). 

Figure 9. Predicted values of the habitability index, h , as a function of the axis obliquity and total surface pressure for three different atmospheric compositions. 
Left panel: CO 2 -dominated; middle panel: CO 2 + 0.1 per cent CH 4 ; right panel: CO 2 + 1 per cent CH 4 . For the remaining parameters we adopt P rot = 1 d, f o = 

0.75, and ω peri = 0 ◦. The dashed areas indicate the parameter space in which atmospheric CO 2 condensates. 
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igh obliquity are less prone to experience extreme events, such as the 
unaway greenhouse instability or transition to a snowball state. In 
ur study of Gl 514 b we varied ε from 0 ◦ to 60 ◦. The resulting maps
f habitability, h , versus obliquity and total atmospheric pressure is
hown in Fig. 9 for the three atmospheric compositions considered 
n this work. The seasonal impact of these planetary configurations 
re shown in Figs 10 and 11 . 

Two general trends are seen in Fig. 9 (i) the habitability increases
ith increasing ε and (ii) the higher the concentration of methane 

n the atmosphere, the wider the range of habitability is. The former
ehaviour can be explained in the following way. The configuration 
t ε = 0 ◦ fa v ours the formation of permanent ice caps in the polar
egions, where the star is al w ays at large Z . As the obliquity starts
o increase, a larger fraction of polar regions undergo a period of
igher instellation (lower Z ) and this reduces the ice caps, increasing
he habitability (see Figs 10 and 11 ). Ho we ver, when the obliquity is
s large as 60 ◦, a permanent ice belt can build-up in the equatorial
ones, leading to a decrease in the habitability (Fig. 10 ). Nonetheless,
olar ice caps or equatorial ice belts tend to disappear as the
ressure increases due to (i) the stronger greenhouse effect of thick 
tmospheres and (ii) the higher efficiency of the horizontal transport 
t high p tot , which tends to cancel gradients of surface temperature.
ases with very high obliquity ( ε > 60 ◦) are not considered here

ince they would require a 3D treatment of the atmospheric energy 
ransport. 
t  
As far as the seasonal variability is concerned, we find that
lanetary axis obliquity do not play a significant role. This was not
xpected since, as ε grows, both hemispheres are subject to larger 
nd larger instellation variations during the orbit. In Fig. 11 we show
hat, for ε = 20 ◦ and p tot ∼3.5 bar, 	 T ∼3 K at the tropical latitudes.
t high axis obliquity ( ε = 60 ◦), the seasonal variability is essentially

dentical ( 	 T ∼3 K) but in this case is sufficient to bring T below
73.15 K for at least a part of the year, thus reducing the o v erall
abitability. At p tot ∼2.8 bar only the poles ( φ ≥ 82 ◦) are partially
abitable ( 	 T ∼7 K). 

.2 Dependence on orbital parameters 

.2.1 Eccentricity 

he orbital eccentricity, e , impacts the mean annual flux, S̄ , received
y a planet according to the law (e.g. Williams & Pollard 2002 ) 

¯
 = 

L � 

4 πa 2 (1 − e 2 ) 1 / 2 
, (7) 

here L � is the luminosity of the host star and a the semimajor axis.
ompared to a circular orbit, the mean instellation increases by a

actor (1 − e 2 ) −1/2 and the maximum excursion of the instellation
uring the orbit grows as [(1 + e )/(1 − e )] 2 , exceeding one order-of-
agnitude when e > 0.5. Highly eccentric orbits generate seasons as

he distance between the star and planet varies during the orbit.
MNRAS 530, 4300–4316 (2024) 
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Figure 10. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 9 a (case with 0 per cent CH 4 ) at constant values of 
axis obliquity (from left to right: ε = 20 ◦, 30 ◦, 40 ◦, 50 ◦, and 60 ◦) and total pressure p tot = 5464 mbar. Note that as the obliquity starts to increase, a larger 
fraction of polar regions undergo a period of higher instellation, increasing the global surface temperature. When ε = 50 ◦, an habitable belt can build up in the 
equatorial zones. Furthermore, habitable conditions are reached in the Northern hemisphere during the summer solstice. At higher obliquity, polar zones reduce 
the ice caps and increase habitability. Ho we ver, at ε = 60 ◦ ice starts to form in the equatorial zones, decreasing h . The solid line indicate the limit within which 
water can be maintained in liquid form. 

Figure 11. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 9 c (case with 1 per cent CH 4 ) at constant values of 
axis obliquity (from left to right: ε = 20 ◦, 30 ◦, 40 ◦, 50 ◦, and 60 ◦) and total pressure (from top to bottom: p tot = 5464, 3593, 2782, 2154, and 1668 mbar). The 
solid line indicate the limit within which water can be maintained in liquid form. 
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eglecting the obliquity effects discussed earlier, both planetary
emispheres will experience the same season as the instellation
aries along the orbit: summer occurs at periastron, whereas winter
t apoastron. The higher the eccentricity, the stronger the seasonal
emperature excursions. Our climate simulations show how the
rbital eccentricity may impact the habitability of Gl 514 b. In Fig. 12 ,
NRAS 530, 4300–4316 (2024) 
e show the resulting map of the habitability index h in the plane ( e ,
 tot ). One can see that the range of atmospheric pressure fa v ourable
o habitability becomes wider as e increases. The central and right
anels of Fig. 12 show that surface liquid water can persist at the
ighest eccentricities even for a moderate pressure ( p tot ∼1000 mbar).
or the sake of comparison, we report in Fig. 13 the resulting map
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Figure 12. Predicted values of the habitability index, h , as a function of the eccentricity and total surface pressure for three different atmospheric compositions. 
Left panel: CO 2 -dominated; middle panel: CO 2 + 0.1 per cent CH 4 ; right panel: CO 2 + 1 per cent CH 4 . For the remaining parameters we adopt P rot = 1 d, f o = 

0.75, ε = 23.44 ◦, and ω peri = 270 ◦. The dashed areas indicate the parameter space in which atmospheric CO 2 condensates. 

Figure 13. Similar to Fig. 12 but adopting the continuous habitability, h c . 
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f h c for the same plane ( e , p tot ) of Fig. 12 . One general trend
s visible: h c = 0 for higher p tot , at very high e , due to the more
estrictive definition of the index. As a conclusion, the habitability 
ecomes restricted to a narrow range of surface pressures. The earlier 
esults show that, within the current uncertainty in the measurement, 
 = 0 . 45 + 0 . 15 

−0 . 14 (Damasso et al. 2022 ), the seasonal impact of the
ccentricity on habitability could be quite strong. 

The eccentricity as well as the global ocean co v erage significantly
mpacts the seasonal habitability. The larger the eccentricity, the more 
ignificant is the seasonal excursion of the surface temperature. For 
he model with higher CH 4 content and p tot ∼4.6 bar, 	 T increases
y ∼4 K between e = 0.25 and e = 0.65 at the tropical latitudes,
ringing the total variation in the latter case to 6 K. 

.2.2 Argument of periastron 

he argument of periastron, ω peri , is one of the six orbital elements
nivocally describing an orbit. In the most widely used definition, it
epresents the angle between the ascending node and the periastron, 
easured in the direction of motion. The value of ω peri impacts the

abitability by modulating the intensity of the seasonal temperature 
ariations at surface, especially when both the eccentricity and 
bliquity are high. F or c ylindrically symmetric planets, such as those
imulated by seasonal-latitudinal EBMs, there are three possible 
istinct scenarios (i) if ω peri = 0 ◦ or 180 ◦, then the planet will be at
ts closest approach to the central body when it crosses the equatorial
lane from South to North, that is, at the equinox; (ii) if ω peri =
0 ◦, the periastron will occur at the Southern hemisphere summer 
olstice; (iii) if ω peri = 270 ◦ the periastron will occur at the Northern
emisphere summer solstice. If the two hemispheres are identical in 
erms of surface features (e.g. the ocean co v erage), then the o v erall
limatology of cases (ii) and (iii) will be essentially the same. In
articular, in (ii) and (iii), seasonal temperature variations in one of
he two hemispheres will be stronger than in the other, since the
ffect of eccentricity and obliquity are compounded. Alternatively, 
n case (i) both hemispheres will experience the same seasonality. A
hange in the magnitude of seasonal temperature variations can, for 
xample, facilitate the condensation of the CO 2 atmosphere at the 
urface, as demonstrated for the early Mars scenario (Simonetti et al.
024 ). Given that it is not possible to determine the direction of any
xoplanetary spin axis yet, ω peri must be treated as a completely free
arameter. For transiting exoplanets, an ‘argument of periastron’ is 
enerally a vailable, b ut it represents the angle between the position
f the periastron and the line of sight. It is, therefore, a completely
ifferent quantity. 
Here, we investigate two of the three extreme configurations listed 

bo v e, namely ω peri = 0 ◦ and ω peri = 270 ◦: 

(i) for ω peri = 0 
◦
, the Northern hemisphere (NH) autumnal equinox 

nd the Southern hemisphere (SH) spring equinox will occur at the
eriastron, with the opposite occurring at apoastron. By construction, 
he seasonal effects of eccentricity and obliquity will be out of phase
y 90 ◦ from one another: the global summer/winter generated by 
ccentricity does not coincide with the hemispheric summer/winter 
enerated by obliquity; 
(ii) for ω peri = 270 ◦, the NH winter solstice and the SH summer

olstice will occur at the periastron, with the opposite occurring 
t apoastron. In this case, the global summer/winter generated by 
ccentricity coincides with the Southern hemispheric summer/winter 
enerated by obliquity. As a result, seasonality will be damped for
he NH and amplified for the SH. 

Results from simulations performed with these two values of 
 peri are shown in Figs 9 ( ω peri = 0 ◦) and 14 ( ω peri = 270 ◦). The

esulting maps of habitability are remarkably similar in spite of the
MNRAS 530, 4300–4316 (2024) 
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Figure 14. Predicted values of the habitability index, h , as a function of the axis obliquity and total surface pressure for three different atmospheric compositions. 
Left panel: CO 2 -dominated; middle panel: CO 2 + 0.1 per cent CH 4 ; right panel: CO 2 + 1 per cent CH 4 . For the remaining parameters we adopt P rot = 1 d and f o 
= 0.75, and ω peri = 270 ◦. The dashed areas indicate the parameter space in which atmospheric CO 2 condensates. 
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ignificantly different orbital configuration. This result is probably
ue to the high fraction of oceans adopted in these simulations ( f o 
 0.75), since the high-thermal capacity of water tends to damp

easonal variations,decreasing them by around 2 K at the tropical
atitudes in the ε = 23.4 ◦ case (see Figs 10 and 15 ). In the
atter configuration, when ε ≥ 50 ◦, the surface temperature reaches
abitable conditions during the SH summer solstice. During this
eriod the planet lies in proximity of the periastron, thus, as ε
ncreases, the southern pole temperature rises. In this configuration
ne can see that (i) in the NH, T is quite-constant ( ∼273 K) along the
rbit because the NH summer is relatively long, (ii) in the SH, T ≥
73 K only for ∼ 20 per cent of the orbit, namely during the winter
olstice. 

The impact of the argument of periastron on seasonal habitability
an be non-negligible if the planet is predominantly co v ered by lands.
n example can be seen in Fig. 16 , where we show a case with small
cean co v erages ( f o = 0.2). One can see that, depending on the orbital
onfiguration, the northern/southern poles of planet may be habitable
r not. Note that the higher the axis obliquity the more this effect is
mphasized. 

 DISCUSSION  

.1 Stellar activity and habitability 

n the assessment of the habitability of Gl 514 b, the strong activity of
-type stars can play a crucial role. A planet in the close-in HZ of an
-type star will be continuously bombarded with XUV radiation. As

 result, the planet may loose oceans, ending up dessicated and void
f surface life (Luger et al. 2015 ; Shields, Ballard & Johnson 2016 ).
trong XUV irradiation can also enhance exospheric temperatures,
aking thermal escape a dominant mechanism of atmospheric loss

or planets around M dwarfs at early times (Lammer et al. 2007 ; Sanz-
orcada et al. 2010 ; Luger et al. 2015 ; Meadows & Barnes 2018 ).
ccording to Modi, Estrela & Valio ( 2023 ), photoe v apouration of

he planetary atmosphere is the dominant mechanism capable of
artially stripping the primordial H/He envelope, for planets orbiting
arly-type M dwarfs at the outer edge of the HZ. The ef fecti ve
abitability of Gl 514 b may therefore depend on the initial volatile
nventory and the degassing of volatiles from the planet’s interior,
hich could help replenish the atmosphere and sustain surface water,
otentially compensating for the early-atmospheric loss. Over the
ast decades, the occurrence of 2–4 R ⊕ planets in the Kepler field
e.g. Howard et al. 2012 ) has underscored the ubiquity of inward
isc-driven migration in planetary systems, suggesting that these
ystems likely did not form in situ (Cossou et al. 2014 ). In this way,
NRAS 530, 4300–4316 (2024) 
uger et al. ( 2015 ) suggested that is possible for atmospheric escape
rocesses to remo v e the thick H/He envelopes of mini-Neptunes,
hat reside in the HZ, ef fecti vely turning them into volatile-rich
arths and super-Earths, referring them as “habitable e v apourated
ores”. Finally, we note that the eccentricity of Gl 514 b may be the
esult of a late-scattering event. In this case, changes in the planet’s
rbital parameters would ha ve hea vily affected the planet’s climate
quilibrium (Kaib & Raymond 2024 ). 

During the early-active phase the stellar magnetic field is strong
nough to reduce the size of planetary magnetosphere, exposing more
f the planet’s atmosphere to erosion (Vidotto et al. 2013 ; Garraffo,
rake & Cohen 2016 ; Airapetian et al. 2017 ). Atmospheric erosion

an be greatly enhanced by stellar flares and associated coronal mass
jections (CMEs) resulting from stellar activity. From a biological
oint-of-view, the impact of a large amount of XUV radiation hitting
he planet can be both harmful and indispensable to life. On one
ide, it can destruct biomolecules (Sagan 1973 ), and damage various
pecies of proteins and lipids (Cockell 1998 ; Buccino, Lemarchand
 Mauas 2007 ). On the other side, UV radiation might have played
 key role in the origin of life, as a crucial ingredient for pre-
iotic photochemistry (Ehrenfreund et al. 2002 ; Buccino et al. 2007 ;
owner, Gerland & Sutherland 2009 ; Rimmer et al. 2018 ; Spinelli
t al. 2023 ). 

In the course of evolution, stellar winds remo v e angular momen-
um, spinning the stars down (Vidotto et al. 2013 ). This mechanism
cts in the way that early-M dwarfs, such as Gl 514, are active/rapidly
otating for a much shorter time ( ∼1 Gyr) than the mid- ( ∼4–6 Gyr),
nd late-M dwarfs ( > 7 Gyr) (West et al. 2008 ; Irwin et al. 2011 ;
unning et al. 2014 ; Shields et al. 2016 ). Based on the rotation
eriod and the level of activity, we estimate that the approximate age
f Gl 514 is ∼3.0 ± 0.9 and ∼3.5 ± 1.2 Gyr, respectively (Section
.1.1 ). This suggests that the star may be relatively inactive (e.g. West
t al. 2008 ), with fewer star-spots, less-energetic flares (Ha wle y et al.
014 ), and lower XUV flux. In this respect, the possibility that the
abitability of Gl 514 b is not compromised by stellar activity is much
igher than in the case of the relatively numerous planets found in
he HZ around late-M dwarfs, since these stars preserve a high-level
f activity for a much longer time and their HZs lie even closer to
he star. 

.2 Planetary properties and habitability 

n addition to the climate system, the habitability is influenced by
ther planetary properties, and in particular by the magnetic field
Haghighipour 2011 ; Vidotto et al. 2013 ; Driscoll & Barnes 2015 ;

eadows & Barnes 2018 ). A strong magnetic field offers protection
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Figure 15. Seasonal and latitudinal maps of surface temperature obtained by extracting the results of Fig. 14 a (case with 0 per cent CH 4 ) at constant values of 
axis obliquity (from left to right: 20 ◦, 30 ◦, 40 ◦, 50 ◦, and 60 ◦) and total pressure p tot = 5994 mbar. Note that as the obliquity starts to increase, a larger fraction of 
polar regions undergo a period of higher instellation, increasing the global surface temperature. When ε = 50 ◦, an habitable belt can build up in the equatorial 
zones. Furthermore, habitable conditions are reached in the Northern hemisphere during the summer solstice. At higher obliquity, polar zones reduce the ice 
caps and increase habitability. Ho we ver, at ε = 60 ◦ ice starts to form in the equatorial zones, decreasing the habitability. 

Figure 16. Seasonal and latitudinal maps of surface temperature for the case with f o = 0.2, P rot = 1 d, and 1 per cent CH 4 at constant values of argument of 
periastron (from left to right: 0 ◦ and 270 ◦), axis obliquity (from top to bottom: 23.4 ◦ and 45 ◦) and total pressure p tot = 4641 mbar. 
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rom stellar wind erosion of the planet atmosphere (Driscoll & 

ercovici 2013 ) and from CMEs (Kay, Opher & Kornbleuth 2016 ).
he magnetic field is also essential for the long-term persistence 
f surface life, protecting the orbiting planet from harmful high- 
nergy radiation and cosmic rays penetrating the planetary surface 
Grießmeier et al. 2005 ; Dartnell et al. 2011 ; Grießmeier et al. 2015 ).

Whether or not a significant magnetic field is present in super-
arths, such as Gl 514 b, is an active topic of research (e.g. Gaidos
t al. 2010 ; Tachinami, Senshu & Ida 2011 ; Stamenkovi ́c et al.
012 ). Generally, planetary magnetic fields arise from a dynamo 
echanism which requires rotation, a core of liquid iron and a 

igorous convection process (Stevenson 2010 ; Haghighipour 2011 ). 
he higher the planetary mass, the lower the efficiency of the full
antle convection, so that heat in deep interiors of super-Earths is

ransferred by conduction rather than conv ection (Stamenko vi ́c et al.
012 ; Airapetian et al. 2017 ), reducing the magnetic dynamo. The
trength of a magnetic field in super-Earths crucially depends on as
et unverified assumptions, such as the initial thermal profile and 
he viscosity law (Stamenkovi ́c et al. 2012 ). Also planetary rotation
f fects the e volution of the dynamo, and slo wly rotating super-Earths
ay exhibit weak magnetic fields, even though their dipoles may 

ndure for more extended periods (Zuluaga & Cuartas 2012 ). Other
tudies suggest that the planetary rotation period may determine 
hether the generated magnetic field is dipolar or multipolar, the 

raction of dipolar field possibly depending on the local Rossby 
umber (Vidotto et al. 2013 ). 
Since we do not know the internal structure and rotation period

f Gl 514 b, it is hard to understand to which extent a protective
agnetic field could be present. Ho we ver, the atmospheres of

uper-Earths are likely to be relatively thick, reducing the risk of
tmospheric escape. At the same time, a thick atmosphere shields 
he planetary surface from high-energy cosmic particles, the effect 
ecoming stronger with increasing atmospheric columnar mass 
Grießmeier et al. 2005 ). All the planetary properties that in our
MNRAS 530, 4300–4316 (2024) 
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imulations yield habitable conditions for Gl 514 b are characterized
y an atmospheric columnar mass, p tot / g , in excess of the Earth’s
alue. This guarantees an effective shield from cosmic rays even for
 modest value of the planetary magnetic dipole (Atri, Hariharan &
rießmeier 2013 ). 

.3 Extreme seasonal variations and habitability 

he simulations presented in subsection 4.2.1 show that at the higher
nd of the eccentricity interval, the habitability of Gl 514 b tend
o increase despite the somewhat stronger seasonal excursions in T .
 more detailed analysis of the results shows that this is possible
ecause these seasonal excursions are not actually very large in the
rst place. In fact, for most combinations of parameters, 	 T at low

atitudes is � 6 K, which is consistent with the value derived from the
RA5 Earth observations (Hersbach et al. 2020 ). The quantity that
auses the largest change in the strength of seasonality is f o which,
hen reduced to 0, drives 	 T to 13 K. This is somewhat expected
ue to the interplay between the relatively high thermal capacity of
 ven a shallo w slab of water and the relatively short orbital period
f the planet. Ho we ver, the generally modest, Earth-like temperature
wings come as a surprise and supports the idea that even eccentric
uper-Earths can be potential targets for the search of biosignatures.

It is also worth noticing that even the presence of intense
hermal cycles (including water phase changes) does not seem to
reclude the existence of life, even though their impact would not
e negligible (McKay 2014 ). In fact, the set of space experiments
alled Lithopanspermia (Sancho et al. 2007 ) have demonstrated the
esilience of lichens and bacteria, underlining their ability to endure
arsh conditions in outer space thanks to their symbiotic nature
nd protection provided by the cortex (de la Torre et al. 2010 ).
n a broader context, similar experiments have shown that several
errestrial organisms can survive to prolonged exposure to extreme
emperature conditions, alongside vacuum, UVC irradiation, and
osmic rays (Kane & Gelino 2012 ). 

A periodic increase of the sea surface temperature resulting
rom highly eccentric orbits may even foster a ‘superhabitable’
nvironment with sustained marine biological productivity, since
he transfer of particulate organic carbon from the surface to deep
cean layers would be more efficient, influencing the nutrient
oncentrations in the deeper and surface layers (Jernigan et al. 2023 ).
n this scenario, the more nutrients are recycled, the greater the
roduction/persistence of biosignatures (e.g. O 2 and CH 4 ), which are
articularly fa v ourable for exoplanet life detection (Lo v elock 1965 ).
hen local fa v ourable conditions exist, the transport of these gases

rom the marine environment to the atmosphere may lead to seasonal
ariations in atmospheric composition, providing an opportunity to
irectly quantify biological fluxes (e.g. Olson et al. 2018 ). Owing
o the sensitivity of ocean dynamics to planetary parameters, the
otation period, axis obliquity, and atmospheric pressure too play a
ole in regulating the nutrient supply for the surface biosphere. As
n example, the nutrients up-welling is predicted to be enhanced
n planets that rotate slower and have higher p tot , ε or e than Earth
Olson, Jansen & Abbot 2020 ). Ho we v er, high eccentricity e x erts a
ore pronounced influence on marine biological productivity than

igh obliquity (Olson et al. 2020 ). 
In summary, the same conditions that, according to our results

Section 4 ), increase the habitability of Gl 514 b – high eccentricity,
igh ocean co v er, high atmospheric pressure, high obliquity – can
lso provide an environment able to enrich the atmosphere with
iological signatures that, in principle, could be detectable with
pectroscopic observations. 
NRAS 530, 4300–4316 (2024) 
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l 514 b is as an excellent benchmark for understanding the potential
limate states and habitability of nearby super-Earths in eccentric
rbits. In the present work, we have applied our climate model, EOS-
STM, to investigate which range of planetary properties would
llow this planet to have habitable conditions. To this end, we
mployed a habitability index dependent on the surface temperature,
hich was computed by complementing the measured observational
uantities with a parametrization of currently unknown planetary
e.g. geography, rotation period, axis obliquity), orbital (e.g. ec-
entricity, argument of periastron), and atmospheric (e.g. surface
ressure, chemical composition) quantities. By assuming that the
lanet has an internal composition similar to that of the Earth, we
erformed our multiparametric exploration by adopting values of
adius, R P = 1.6 R ⊕, and gravity, g = 2.1 g ⊕. As far as the albedo
roperties are concerned, we estimated theoretical reflectances of
everal type of atmospheres and planetary surfaces illuminated by
n early-type M-dwarf, such as the central star Gl 514. We tested
hree sets of CO 2 -dominated atmospheres, each one with its own
H 4 concentration ( x CH4 : 0 per cent, 0.1 per cent, and 1 per cent),
arying the total surface pressure in the range p tot ∈ (1, 13) bar. 

The main results can be summarized as follows 

(i) in the range of orbital eccentricity consistent with the observa-
ions ( e = 0 . 45 + 0 . 15 

−0 . 14 ), the impact of the eccentricity on habitability is
mportant. The higher e , the wider the range of atmospheric pressure
a v ourable to habitability becomes, down to a moderate pressure
 p tot ∼1 bar). We find that the impact on habitability of Gl 514 b of
ccentricity variations is higher than that induced by variations of
ther key planetary quantities, such as obliquity. 
(ii) When the obliquity is increased the planet experiences stronger

easonal excursions of surface temperature, that is, a larger fraction
f polar regions undergo periods of high daily-averaged instellation,
educing the ice caps and increasing the habitability. For the model
ith higher CH 4 content, habitable conditions are reached for p tot 

1.6 bar and ε = 50 ◦. 
(iii) The habitability index decreases when ε reaches 60 ◦ because

 permanent ice belt builds up in the equatorial zones. 
(iv) The impact of higher obliquity tends to disappear as the

urface pressure increases due to the high-efficiency of the horizontal
nergy transport, that remo v es temperature gradients on the planet
urface. 

(v) The high thermal capacity of oceans tends to damp seasonal
 ariations at lo w latitudes do wn to modern Earth-like values ( ∼6 K).
his is true even for modest co v er fractions ( f o ≥ 0.4). As such,
ceans tend to substantially mute the relatively minor effect of ω peri 

ariations, which are negligible in our calculations. 
(vi) A long planetary rotation period increases the meridional

nergy transport, damping gradients of surface temperature, partic-
larly in the high-pressure regime. In the model with higher CH 4 

ontent, P rot has a negligible impact on h , with a general trend
f increasing h with decreasing p tot (up to ∼3.5 bar). At low CH 4 

ontent, h increases with increasing p tot , with sudden transitions
rom h 	 1 to h = 0. 

(vii) The higher the global co v erage of oceans, the more habitable
he planet is. This is clearly due to the fact that oceans are darker
han bare soil and the planet is, on average, cold. 
or the model with higher CH 4 content, the habitability index is
early 1 up to p tot ∼3.5 bar, for f o = 1. At low CH 4 content, the same
esult is obtained for p tot ∼6.0 bar. 

(viii) The latitudinal specific distribution of continents has a
odest impact on the mean global annual temperature and generates
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egligible seasonal temperature oscillations. Its impact on the climate 
f Gl 514 b is less significant with respect to the global co v erage of
ceans. 

As a general trend, we underline that remarkable differences exist 
etween the low- and high-concentration of CH 4 as well as between 
he low- and high-pressure regimes. This result is expected since 
oth the higher greenhouse effect of thick atmospheres composed of 
O 2 and CH 4 and the higher efficiency of the horizontal transport
t high p tot are well-known. Damped temperature gradients both in 
atitude and in time fa v our habitability, at least in this specific case. 

Future observations may help to constrain the actual range of 
tellar, orbital, and planetary properties that affect the habitability 
f Gl 514 b. Asteroseismology obtained by e xtensiv e monitoring of
earby bright stars with PLATO (Rauer et al. 2014 ) may help to
easure the age of Gl 514 and cast light on the evolutionary status

f Gl 514 b. The large uncertainty on the eccentricity can be reduced
y a long term sequence of radial-velocity measurements. So far, 
e cannot completely exclude that the planet is transiting (Damasso 
 Nardiello 2022 ), in which case we would be able to constrain

adius, mass, and internal structure. Searches for transits might be 
erformed with PLATO, during the ‘Step and stare’ Observation 
hase. Transits could also be used to search for the Rossiter–
cLaughlin (RM) effect (McLaughlin 1924 ; Rossiter 1924 ) which, 

n principle, may constrain the sky-project spin-orbit angle, the rota- 
ional spin direction of exoplanets, and the presence of an exomoon 
Simon et al. 2010 ; Zhuang, Gao & Yu 2012 ), which can stabilize
he planet’s axis tilt. According to Nikolov & Sainsbury-Martinez 
 2015 ), during the secondary eclipses a strong and detectable RM
ignal can be measured to derive the planet rotation rate and axial
ilt. Near-UV transit observations might also provide a useful tool 
n determining planetary magnetic field intensities (Ben-Jaffel et al. 
022 ). Moreo v er, high-contrast imaging of Gl 514 b is expected to
ecome feasible with the Extremely Large Telescope (ELT) (see 
amasso et al. 2022 , for more details). The perspectives opened by

hese observational developments suggest that we will be able to 
ssess the actual habitability of planets similar to Gl 514 b as long
s they transit in front of their host star. 

ATA  AVA ILA BILITY  

he data used for this article will be shared on reasonable request to
he corresponding author. 
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