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A B S T R A C T 

We investigate the habitability of hypothetical moons orbiting known exoplanets. This study focuses on big, rocky exomoons that 
are capable of maintaining a significant atmosphere. To determine their habitability, we calculate the incident stellar radiation 

and the tidal heating flux arising in the moons as the two main contributors to the energy budget. We use the runaway greenhouse 
and the maximum greenhouse flux limits as a definition of habitability. For each exoplanet, we run our calculations for plausible 
ranges of physical and orbital parameters for the moons and the planet using a Monte Carlo approach. We calculate the moon 

habitability probability for each planet, which is the fraction of the investigated cases that lead to habitable conditions. Based on 

our results, we provide a target list for observations of known exoplanets of which the top 10 planets have more than 50 per cent 
chance for hosting habitable moons on stable orbits. Two especially promising candidates are Kepler-62 f and Kepler-16 b, both 

of them with known masses and radii. Our target list can help to detect the first habitable exomoon. 

Key words: astrobiology – methods: numerical – planetary systems. 
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 I N T RO D U C T I O N  

espite expectations that the Kepler or CoRoT space telescope would
isco v er the first exomoons (Szab ́o et al. 2006 ; Simon, Szatm ́ary &
zab ́o 2007 ; Kipping, F osse y & Campanella 2009 ), to date, there
as been no confirmed exomoon detection (observations reported on
oon candidates: Bennett et al. 2014 ; Kenworthy & Mamajek 2015 ;
eachey, Kipping & Schmitt 2018 ; Oza et al. 2019 ; Fox & Wiegert
021 ; Kipping et al. 2022 ). One obstacle could be their smaller size
ompared to planets, which makes their observation challenging. The
mallest known e xoplanets, howev er, are smaller than Ganymede and
itan (Barclay et al. 2013 ; Campante et al. 2015 ). We also know very
assive giant planets, some exceeding 10 Jupiter-masses ( M J ). Could

he y hav e massiv e, Earth-sized moons that are massiv e enough to be
etected with our current instrumentation? 

Based on the examples seen in the Solar System, there seems to
e a correlation between the mass of a planet and the mass of its
egular satellites. The total mass of moons that were formed from
he circumplanetary disc is approximately 10 −4 M p , where M p is the

ass of the planet (Canup 2004 ). This means that a 10 M J planet
an have a 0.3 Earth-mass ( M ⊕) moon. Even though no exomoons
re known, we have no reason to assume that moon formation does
ot occur the same way as it did in the Solar System. In fact, a
ircumplanetary disc was observed around PDS 70 c ( M p ≈ 1–
0 M J , M disc ≈ 0.7 M ⊕), which supports the theory of regular moon
ormation in other planetary systems (Benisty et al. 2021 ; Portilla-
 E-mail: vera.dobos@rug.nl 1

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
evelo et al. 2021 ). Moons may also be formed by collision, as
n the case of our Moon (Hartmann & Davis 1975 ; Cameron &
enz 1991 ; Halliday 2000 ). As a result of such a collision, larger
oon-to-planet mass ratios are possible than in the case of regular
oon formation from the circumplanetary disc. We do not know
 maximum mass limit for moons being born by collision, but our
oon has 10 −2 M ⊕. In this case, both the impactor and the Earth were

ocky objects, and an impact with a gas giant may be qualitatively
ifferent (Barr 2016 ). A study by Malamud et al. ( 2020 ) shows that
n this case, it is more likely that bigger moons are formed by the
erging of several smaller moons that were formed not by one, but

y several impacts. Another possible scenario is capturing moons,
hich eliminates the question of moon formation. A local example

or this is Triton (McCord 1966 ; Agnor & Hamilton 2006 ). It was
hown that, by binary exchange capture, moons larger than 0.1 M ⊕
an be captured by giant planets (Williams 2013 ). These are Mars-
ass or heavier bodies. To date, fiv e e xoplanets are known with
asses lower than that of Mars, and 22 planets have masses lower

han 1 M ⊕ according to The Extrasolar Planet Encyclopaedia. 1 This
mplies that while detection of these small planets is challenging,
e already have the technical capabilities of observing such small
odies. This is further supported by reports on exomoon candi-
ates that are not confirmed for various reasons (see the articles
y Bennett et al. 2014 ; Kenworthy & Mamajek 2015 ; Teachey
t al. 2018 ; Oza et al. 2019 ; Fox & Wiegert 2021 ; Kipping et al.
022 ). 
 http://exoplanet.eu , data obtained on 2021 November 2. 

© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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It seems that another obstacle for exomoon discoveries is the lack 
f stable orbits around close-in planets. The orbital evolution of 
oons is affected by tidal forces, and as a result, a moon can escape

rom the planet (e.g. long-term evolution of the Moon), or a moon
ay get too close to the planet, reaching the Roche radius where it

isintegrates (e.g. long-term evolution of Phobos). Barnes & O’Brien 
 2002 ) have shown that moons on orbits around close-in planets
re quick to get lost (in about 10 4 –10 5 yr), and the orbit stability
ncreases with the distance from the star and with the mass of the

oon. Several studies investigated this effect (e.g. Alvarado-Montes, 
uluaga & Sucerquia 2017 ; Zollinger, Armstrong & Heller 2017 ), 
nd a few recent studies applied it to known exoplanets (Guimar ̃ aes &
alio 2018 ; Mart ́ınez-Rodr ́ıguez et al. 2019 ; Tokadjian & Piro 2020 ;
obos et al. 2021 ). The two most successful exoplanet observation 

echniques (in terms of the number of new disco v eries), the transit and
he radial velocity technique, are biased towards detecting close-in 
lanets; ho we v er, an y moon around these planets can only stay in or-
it for a short time (depending on the orbital and physical parameters,
ypically for less than a few million years). Consequently, planets in 
rbits of longer periods are more likely to have moons, but they are
ore difficult to observe (Szab ́o et al. 2006 ; Simon et al. 2012 ). 
Even though no exomoons are known today, their potential hab- 

tability is an interesting and important question. Habitable moons 
ith atmospheres can be observed in multiple ways (for example 

hey are also good targets for spectroscopic observations), which can 
elp their detection. Extending the search for life on exoplanets to 
lso include exomoons expands our possibilities and chances to find 
abitable environments. Detecting the first habitable exomoons will 
rovide great opportunities to study and characterize a new type of
xtra-solar bodies: exomoons. 

The potential habitability of exomoons has already been studied 
n several works. If massive enough, there is no reason to assume
hat exomoons cannot provide a habitable environment. Similarly to 
he circumstellar habitable zone (HZ), a circumplanetary habitable 
one has been defined for Earth-like exomoons (see e.g. Heller & 

arnes 2013 ; Forgan & Yotov 2014 ; Heller et al. 2014 ; Forgan &
obos 2016 ; Dobos, Heller & Turner 2017 ). Different definitions 

xist, but most commonly the habitable edge is used for its inner
oundary which is defined by the runaway greenhouse effect; for 
he outer boundary, usually orbit stability considerations are taken 
nto account. It is well known that beyond a certain fraction ( f )
f the planet’s Hill sphere the moon escapes from the planet (see
.g. Szebehely & McKenzie 1981 ; Dvorak, Froeschle & Froeschle 
989 ; Holman & Wiegert 1999 ; Barnes & O’Brien 2002 ; Donnison
010 ). Ho we ver, there are different values used for this fraction, f ,
ypically between 0.3 and 0.5. From the recent studies, the results
f Domingos, Winter & Yok o yama ( 2006 ) are widely used. In this
ork, we are applying their method for determining the maximum 

ossible semimajor axes of moon orbits, which, besides f , takes into
ccount also the eccentricity of the orbits of the planet and the moon
see equation ( 2 ) in Section 2.1 for prograde orbits). 

Besides stellar radiation, tidal heating can be an important energy 
ource for moons (Reynolds, McKay & Kasting 1987 ; Scharf 2006 ;
eller & Barnes 2013 ; Peters & Turner 2013 ). As a consequence,
oons on eccentric orbits around planets that are outside the 

ircumstellar habitable zone (meaning that their moons would be too 
old to sustain liquid water on their surface), can still be habitable
ith sufficient tidal heating (Forgan & Yotov 2014 ; Dobos & Turner
015 ; Dobos et al. 2017 ; Zollinger et al. 2017 ). 
In this paper, we are investigating the habitability of hypothetical 
oons that are on stable orbits around known exoplanets. The aim 

f this paper is to provide a target list to maximize the chance
or detecting potentially habitable exomoons. To determine their 
abitability, we are considering stellar radiation and tidal heating 
s the two main energy sources for moons, and thermal radiation
nd reflected light from the planet as minor contributors. We ignore
adiogenic heating, which may play a role in some cases, for example
n maintaining a subsurface ocean in icy moons (e.g. Tjoa, Mueller
 van der Tak 2020 ). 

 M E T H O D S  

n the following, we describe our method to determine the probability
f having habitable moons on stable orbits around known exoplanets. 
The planets were chosen from a catalogue, selected to include only

hose that cannot be brown dwarfs (i.e. with masses below 13 M J ),
hich do not have brown dwarf hosts instead of stars (i.e. stellar mass

hould be abo v e 0.08 M �), and of which we know all the necessary
arameters for our calculations. See the detailed description in 
ection 2.1 , which also lists all the parameter ranges used. 
Applying a Monte Carlo approach, we simulated a hundred 

housand moons around each planet: each of the physical and 
rbital parameters of both the planet and the generated moons were
andomly selected 100 000 times, following specific distributions 
rom plausible ranges (taking a special case for parameters where 
he uncertainties are not symmetric; see Section 2.1 ). 

Then, we calculated the incident stellar radiation, the tidal heating 
n the moon, the reflected light from the planet, and the thermal
nergy from the planet. These four energy sources were considered 
n the calculation of the global heat flux on the moon. To determine
hether a test moon is habitable, the global heat flux was compared

o the runaway greenhouse and maximum greenhouse habitable zone 
oundary fluxes. This is what we use to define the habitability
robability of moons. See the details in Section 2.2 . 
Finally, in Section 2.3 , we demonstrate that generating a hundred

housand test moons is enough to obtain statistically rele v ant results
ecause the habitability probability of moons around a given planet 
onverges. 

.1 Physical and orbital parameters 

e made our calculations for the planets listed in the catalogue of
he Extrasolar Planets Encyclopaedia. 2 Planets with the following 
arameters were excluded: 

(i) planets with masses abo v e 13 M J , 
(ii) planets with a host star below 0.08 M �, 
(iii) planets of which neither the orbital period ( P p ) nor the

emimajor axis ( a p ) is known, 
(iv) planets for which none of the following three parameters are 

nown: mass ( M p ), minimum mass ( M p · sin i), and radius ( R p ). 

After this selection, our list contained 4140 known planets. 
To obtain the missing mass or radius of the planet, the Forecaster
odel (Chen & Kipping 2017 ) was used. The uncertainties in the
easured parameters were also taken into account when known. 
o we ver, only symmetric errors were used as described in Chen &
ipping ( 2017 , Section 2.2). For these symmetric cases, the mean
f the upper and lower errors was used as the standard deviation
f a Gaussian distribution. Then a hundred thousand random values 
ere generated for both the mass and radius (one of those from the
orecaster model, if needed) to obtain a representative distribution of 
MNRAS 513, 5290–5298 (2022) 
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ealistic values for each planet. This way, a different mass–radius pair
as used in each of the hundred thousand runs for each planet, except

or those cases where the uncertainty of the mass or radius parameter
as not known or where it was not symmetric. In these cases, the

alculation was made without taking into account the uncertainties,
.e. using only a single value. 

A Monte Carlo approach was used in our calculations. The
ollowing parameters were randomized within the given intervals
or each of the 100 000 runs: 

(i) e m 

: eccentricity of the orbit of the moon; between 0.001 and
.1 with a uniform distribution. This way, the eccentricity co v ers two
rders of magnitude, but is limited to values up to 0.1, because of the
imitations of the tidal heating calculation method (Mignard 1980 ); 

(ii) Q p : tidal quality factor of the planet; depending on the type
f the planet, the following distributions were used (see Dobos et al.
021 ): 

(a) Rocky planets ( R p < 2 R ⊕): 10 < Q p < 500 with a log-
uniform distribution; 

(b) Ice/gas giants ( R p ≥ 2 R ⊕ and P p > 10 d): 10 3 < Q p <

10 6 with a lognormal distribution with a mean of μ = 10 4.5 and
a standard deviation of σ = 10 0.5 ; 

(c) Hot Jupiters ( R p ≥ 2 R ⊕ and P p ≤ 10 d): a Gaussian
distribution with μ = 5 · 10 6 and σ = 2 · 10 6 ; 

(iii) M m 

: mass of the moon; two constraints were applied: 

(a) 0.01 M p < M m 

< 0.1 M p with a uniform distribution; 
(b) but never exceeding a maximum mass of 

M m 

≤ 2 

13 

(
( f a p ) 3 

3 M � 

)13 / 6 M 

8 / 3 
p Q p 

3 k 2 p tR 

5 
p 

√ 

G 

(1) 

to ensure that the test moons can stay on stable orbits for a
long period of time, t which is chosen to be the age of the
system (Barnes & O’Brien 2002 ). In the abo v e equation M � 

is the mass of the host star and G is the gravitational constant.
The value of the Lo v e number k 2 p was fixed to 0.5, which is
not equally realistic for all types of planets, but since k 2 p only
appears together with Q , it is enough to adjust the Q parameter.
This saves a free parameter in the calculations. The maximum
mass of the moon was determined by using the lower value of
the one calculated from equation ( 1 ) and 0.1 M p ; 

(iv) a m 

: semimajor axis of the moon’s orbit; between 2 R p and a max 

ith a log-uniform distribution to guarantee a stable (direct) orbit for
he moon according to the criteria set by Domingos et al. ( 2006 ): 

 max = f (1 − 1 . 0305 e p − 0 . 2738 e m 

) R Hill , (2) 

here f = 0.4895 (fraction of the planet’s Hill sphere beyond which
he moon escapes). The same value was chosen for f in equation ( 1 ).
he Hill radius of the planet was calculated by 

 Hill = a p 

(
M p 

3 M � 

)1 / 3 

; (3) 

(v) ρm 

: bulk density of the moon; set depending on the distance
rom the snowline with a Gaussian distribution as described by Dobos
t al. ( 2021 ): 

(a) if a p < a snow : μ = 3 g cm 

−3 and σ = 1/3 g cm 

−3 ; 
(b) if a snow ≤ a p < 2 a snow : μ = 2.5 g cm 

−3 , σ = 1/3 g cm 

−3 ; 
(c) if 2 a snow ≤ a p : μ = 1.5 g cm 

−3 , σ = 1/6 g cm 

−3 ; 
(d) if a snow is not known: μ = 2.5 g cm 

−3 , σ = 1/2 g cm 

−3 ; 
NRAS 513, 5290–5298 (2022) 
here the location of the snowline around the star was estimated
sing the following equation (Cowan & Agol 2011 ): 

 snow = T 2 eff ·
R � 

T 2 0 

, (4) 

here T eff is the ef fecti ve temperature of the star and T 0 ≈ 230 K is
he equilibrium temperature at the planet’s sub-stellar point; 

(vi) αp : Bond albedo of the planet; Gaussian distribution with μ
 0.3 and σ = 0.07 to allow a wide range of possibilities, but with

igher probabilities of moderate values; 
(vii) αm 

: Bond albedo of the moon; Gaussian distribution with μ
 0.3 and σ = 0.07, same as for the planet. 

The chosen M m 

and a m 

parameters described abo v e ensure that the
oon is on a stable orbit around the planet for a long period of time

at least 10 4 orbital periods of the planet, Domingos et al. 2006 ). The
aximum mass for the moon was set with a conserv ati ve constraint,

gnoring that in some cases even twice the mass would be allowed
y the stability criterion (see Barnes & O’Brien 2002 ). If the age of
he system ( t ) is not known, the age of the Solar System was used
4.57 billion years) for determining the possible largest mass of the
oon. In general, large moons are considered in the calculations,

ecause the aim of this work is to identify those planets that can host
ig, observable companions. Such large moons (between 0.01 and
.1 M p ) may not have been formed from a circumplanetary disc, but
ould have been captured like Triton, or formed by collision like our
oon (0.0123 M ⊕) as described in the introduction. 
If the generated moon radius is too large ( > 2.5 R ⊕) or if the moon
ass is too low ( < 0.1 M ⊕), then this case is considered uninhabitable
ithout applying any further habitability investigations. This is to
 v oid moons being mini-Neptunes instead of rocky moons, and also
o a v oid bodies that are not massive enough to keep a significant
tmosphere. 

.2 Habitability 

he global flux reaching the moon’s surface is calculated as described
y Dobos et al. ( 2017 ): 

 glob = F ∗ + F ref + F th + F tidal , (5) 

here F ∗, F ref , F th , and F tidal are the stellar irradiation, the reflected
ight from the host planet, the thermal radiation of the host planet,
nd the tidal flux, respectively. The first three terms ( F ∗, F ref , and
 th ) were calculated following Heller & Barnes ( 2013 , equation (22).
or the tidal heating flux, a viscoelastic model was used as described
y Dobos & Turner ( 2015 ). They investigated the tidal heating of
xomoons with a model based on the work of Henning, O’Connell
 Sasselov ( 2009 ) and Moore ( 2003 ). This model assumes a

omogeneous rocky body with an inner convective and an outer
onductive layer, using a Maxwell rheology. Tidal heating strongly
epends on the viscosity and the shear modulus of the rocky material,
hich, in turn, depends on the temperature of the body. These
arameters are derived based on the equilibrium temperature at which
idal heating and conv ectiv e cooling are in a stable equilibrium in the
ock mantle. 

An exomoon is considered habitable if the global heating flux
f the moon is between the runaway greenhouse ( F RG ) and maxi-
um greenhouse fluxes ( F MG ). The runaway greenhouse flux was

alculated with a method that is dependent on the surface gravity
f the exomoon (Pierrehumbert 2010 , Chapter 4). The advantage
f this method is that the runaway greenhouse flux scales with the
adius and the mass of the body. This is in contrast to the standard
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Figure 1. Habitability probability as a function of the number of test cases 
for ten planets. Solid curves: both mass and radius of the planet are known. 
Dashed curve: only the minimum mass of the planet is known. Dotted curve: 
only the radius of the planet is known. 
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alculation method described by Kopparapu et al. ( 2014 ), in which
he calculations only apply to certain masses and radii. It was shown,
o we ver, that the outer boundary of the circumstellar habitable zone
as a weak dependence on the mass of the exomoon (Kopparapu 
t al. 2014 ), and for this reason, the maximum greenhouse limit
escribed by Kopparapu et al. ( 2014 ) was used as a lower limit for 
abitability. 
We call the ratio of the habitable test moons compared to all

ases (100 000) as habitability probability , and we measure it as a
ercentage. This parameter identifies those planets that have a high 
hance for hosting habitable moons on stable orbits. 

.3 Validation of the number of test cases 

o demonstrate that a hundred thousand test cases are enough for
he habitability probability to converge, we show the habitability 
robability of a few selected planets as a function of the number
f cases from ten to one million (see Fig. 1 ). The planets were
hosen in such a way to show different habitability probabilities 
ranging from low to high values) and also to represent planets with
ifferent measured data: transiting planets (only radius is known, 
otted curves), radial velocity measurements (only minimum mass 
s known, dashed curves) and planets observed with both techniques 
both mass and radius data available, solid curves). There seems 
o be no difference in the convergence for the planets; above ten
housand runs, the variation in the habitability probabilities is below 

.5 per cent for each planet, and beyond a hundred thousand runs,
he curves are practically unchanging (the variations are below 

.35 per cent). 

 RESULTS  

fter running the calculation for all 4140 exoplanets, a total of 234
lanets were found with habitability probabilities ≥ 1 per cent for 
oons. From these, 17 planets have a habitability probability higher 

han 50 per cent. Fig. 2 shows exoplanets with at least 10 per cent
abitability probability on the semimajor axis and stellar ef fecti ve 
emperature plane. Planets with a measured mass (with or without 
adius data) are shown as circles, and planets with only radius data
re shown as triangles. The area shaded in green represents the
ircumstellar HZ calculated for main-sequence stars of different 
emperatures. To calculate the borders of this HZ, polynomial 
unctions for a 1 M ⊕ planet given by Kopparapu et al. ( 2014 )
ere used together with stellar parameters (mass, temperature, and 

uminosity) from the MIST data base (Choi et al. 2016 ) for 1 Gyr old
main sequence) stars. A third order polynomial was fitted to these
iscrete temperature values in order to obtain continuous curves 
or habitable zone limits. Along with the runaway greenhouse and 
aximum greenhouse limits (dark green curves representing the 

onserv ati ve HZ boundaries), a wider set of limits is also shown:
he early Venus and the early Mars fluxes (light green curves
orresponding to the optimistic HZ boundaries, Kopparapu et al. 
014 ). 
The boundaries of the circumstellar HZ are shown merely for 

llustration purposes and are calculated for objects with the same 
ass as the Earth. The runaway greenhouse flux for the moons,

o we ver, was calculated with the method of Pierrehumbert ( 2010 )
hich takes into account the surface gravitational acceleration of the 
oon. 
Conforming to expectations, a large number of planets with a high

abitability probability are found in the circumstellar HZ. This is 
ecause the stellar radiation alone (without additional heat sources 
or the moon) is already sufficient for supporting liquid water on the
urface of an Earth-like body. 

Beyond the outer boundary of the HZ, where stellar radiation is
eak and one would expect icy planets and moons, we still find a large
umber or planets with at least 10 per cent habitability probability for
oons. This is caused by the non-zero eccentricity of the orbit of

he host planet (resulting in periodically experienced higher stellar 
uxes) and also by the tidal heating arising in the moon. These

wo effects, if maintained on a long time-scale, can provide enough
upplementary heat flux to prevent a global snowball phase of the
oon (by pushing the flux abo v e the maximum greenhouse limit).
he contribution of these two factors to the total flux is presented

n Fig. 3 for those planets which are outside the HZ. Two colour
chemes correspond to each planet: one for the average tidal flux
f the moons, avg( F tidal ) on a gradient from yellow to red, and
he other one for the eccentricity of the orbit of the host planet,
 p indicated by a grey colour gradient. Note that the minimum
verage tidal heating flux in Fig. 3 is 57 W m 

−2 (yellow colour),
hich is significantly higher than the measured tidal heating flux 
n Io ( ∼2–4 W m 

−2 , Spencer et al. 2000 ). This means that tidal
eating can be a significant contributor to the global energy of
n exomoon, to the extent that it can make otherwise frozen 
nvironments habitable. 

Planets with habitability probabilities abo v e a reasonable but 
rbitrary limit of 10 per cent are shown in Table 1 . Only those cases
re presented for which the average exomoon radius of the 100 000
andomly simulated cases is larger than 1 R ⊕. Considering the size
istribution of disco v ered e xoplanets, a moon larger than Earth has
 higher probability for a successful detection. Therefore, we list 
hose planets which can have a detectable sized, potentially habitable 
oon. The planets are listed in order of decreasing habitability 

robability. The minimum, average, and maximum exomoon radii 
nd masses used in the calculations are also shown. Planet mass and
adius data are only shown if known from the catalogue. 

The results for those cases where the average moon radius is equal
o or smaller than 1 R ⊕ are shown in Table A1 in the Appendix. 

An additional set of calculations was made with the same code
nly for those 49 planets that are shown in Table 1 . This time
nly moons heavier than 1 M ⊕ were considered (as opposed to the
MNRAS 513, 5290–5298 (2022) 
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M

Figure 2. Habitability probability for exomoons around known exoplanets on the semimajor axis – stellar ef fecti ve temperature plane. Planets with known 
masses (with or without radius data) are marked with circles, and planets with known radii only are marked with triangles. Colours of the markers correspond 
to the fraction of habitable moons, and the sizes of the markers represent the sizes of the planets, as shown in the legend. Note that the legend only shows three 
representative sizes (Earth, Neptune, and Jupiter), while the size of the markers in the plot is scaled to the real size of the planets. Green curves represent the 
borders of the circumstellar habitable zone for a 1 Earth-mass planet: dark green for the conserv ati ve HZ ( Con. HZ ) and light green for the optimistic HZ ( Opt. HZ ). 

Figure 3. Average tidal fluxes of the simulated exomoons (yellow-to-red colours in the left-hand side of the diamonds) and eccentricities of the orbits of host 
planets (white-to-black colours in the right-hand side of the diamonds) as functions of the semimajor axis of the orbit of the planet and the ef fecti ve temperature 
of the star. All planets shown in this figure are outside the optimistic HZ. 
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inimum mass described in Section 2.1 ) to see if the observable
ized moons are indeed habitable. For these calculations, the number
f test moons per planet was set to ten thousand. The results are
hown in the Appendix in Table B1 . For most planets, the habitability
NRAS 513, 5290–5298 (2022) 
robability did not change much. The results sho w, ho we ver, that in
ome cases when the planet is very massive, the moons generated in
ur simulation are often large enough to be mini-Neptunes, lowering
he probability of habitable cases. 
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Table 1. List of planets with habitability probability (hab .prob ., last column) abo v e 10 per cent. Only those cases are shown where the average moon 
radius is abo v e 1 R ⊕. The mass of the star, the mass and radius of the planet, and the orbital period of the planet (columns 2–5, respectively) are from 

The Extrasolar Planet Encyclopaedia. The minimum, average, and maximum exomoon radii and masses generated for the calculations are shown in 
columns 6–11. 

Planet name M � M p R p P p min( R m 

) avg( R m 

) max( R m 

) min( M m 

) avg( M m 

) max( M m 

) hab .prob . 
[M �] [ M ⊕] [ R ⊕] [d] [ R ⊕] [ R ⊕] [ R ⊕] [ M ⊕] [ M ⊕] [ M ⊕] [per cent] 

Kepler-459 b 1.01 – 5.38 854.08 0.54 1.35 2.50 0.10 1.64 10.23 70 
Kepler-456 b 0.98 – 6.46 1320.10 0.54 1.45 2.50 0.10 2.09 10.94 69 
HD 7199 b 0.89 92.16 – 614.11 1.06 1.76 2.50 0.76 4.11 11.26 64 
Kepler-1635 b 0.89 – 3.57 469.63 0.53 1.07 2.50 0.10 0.84 9.41 63 
HD 34445 f 1.07 37.82 – 676.84 0.63 1.52 2.46 0.16 2.08 6.49 61 
Kepler-458 b 0.98 – 4.50 572.38 0.52 1.23 2.50 0.10 1.24 9.49 60 
KIC 9662267 b 0.86 – 3.73 466.88 0.52 1.08 2.50 0.10 0.94 9.83 58 
Kepler-62 f 0.69 34.96 1.38 267.54 0.79 1.48 2.17 0.35 1.92 3.50 53 
Kepler-47 (AB) c 1.04 – 4.50 351.79 0.52 1.23 2.50 0.10 1.24 9.94 52 
HD 564 b 0.92 104.87 – 500.62 1.06 1.59 2.50 0.79 3.81 11.28 51 
HD 137388 b 0.86 70.87 – 330.73 0.86 1.69 2.50 0.39 3.06 9.21 50 
Kepler-712 c 0.84 – 4.75 226.89 0.53 1.27 2.50 0.10 1.35 10.25 50 
Kepler-16 (AB) b 0.85 105.83 8.27 234.45 1.14 1.57 2.50 0.86 3.77 11.13 47 
Kepler-1143 c 0.81 – 3.52 210.63 0.52 1.06 2.48 0.10 0.82 8.45 46 
KIC 10255705 b 1.10 – 7.13 704.88 0.53 1.02 2.50 0.10 1.44 11.09 36 
GJ 3293 c 0.42 21.09 – 122.64 0.65 1.14 1.90 0.17 0.91 2.41 34 
HD 218566 b 0.85 66.74 – 225.76 0.90 1.58 2.50 0.44 2.49 8.39 34 
55 Cnc f 1.01 47.00 – 246.56 0.87 1.57 2.44 0.47 2.33 4.70 34 
GJ 876 e 0.33 15.43 – 128.08 0.56 1.09 1.69 0.10 0.77 1.96 32 
Kepler-421 b 0.79 – 4.07 553.13 0.52 1.16 2.50 0.10 1.05 9.10 31 
HD 147379 b 0.58 24.69 – 86.54 0.70 1.14 1.91 0.25 0.94 2.47 28 
Kepler-967 c 0.84 – 3.58 198.71 0.52 1.07 2.49 0.10 0.85 9.44 28 
GJ 785 c 0.78 24.15 – 530.16 0.53 1.29 2.15 0.10 1.32 4.75 28 
Kepler-1628 b 0.55 – 6.30 76.38 0.54 1.21 2.50 0.10 1.34 10.23 28 
KIC 9704149 b 0.86 – 4.39 694.88 0.52 1.20 2.50 0.10 1.20 10.03 27 
HD 82943 d 1.18 92.16 – 1056.41 1.00 1.75 2.50 0.63 4.08 10.82 27 
Kepler-34 (AB) b 2.07 69.92 8.38 288.86 0.98 1.85 2.50 0.61 3.79 8.00 26 
Kepler-22 b 0.97 35.91 2.33 290.14 0.79 1.49 2.25 0.36 1.98 3.59 25 
KIC 5010054 b 1.05 – 6.80 904.29 0.53 1.22 2.50 0.10 1.76 10.65 25 
HD 128356 b 0.65 282.84 – 367.67 1.51 1.42 2.50 2.00 3.20 11.35 21 
GJ 414 A c 0.65 56.27 8.60 774.78 0.79 1.80 2.50 0.23 2.99 8.23 20 
Kepler-455 b 0.98 – 6.80 1322.30 0.55 1.45 2.50 0.10 2.17 10.50 19 
GJ 687 c 0.41 15.89 – 714.74 0.67 1.42 2.36 0.10 0.87 2.98 19 
GJ 273 d 0.29 10.96 – 407.52 0.68 1.27 1.88 0.11 0.60 1.10 19 
GJ 273 e 0.29 9.44 – 530.63 0.66 1.20 1.77 0.10 0.52 0.94 17 
HD 220197 b 0.91 63.56 – 1726.30 0.98 1.81 2.50 0.64 3.49 6.36 17 
HD 126614 A b 1.15 120.76 – 1229.79 1.11 1.38 2.50 0.83 3.34 11.41 16 
HD 219134 e 0.79 70.87 – 1679.12 1.06 1.84 2.50 0.71 3.51 7.09 16 
HD 164922 b 0.87 116.00 – 1240.38 1.17 1.42 2.50 1.16 3.44 11.54 15 
Proxima Centauri c 0.12 9.53 – 1898.60 0.65 1.20 1.86 0.10 0.52 1.52 14 
HD 204941 b 0.74 84.53 – 1739.30 0.98 1.62 2.50 0.46 3.22 9.42 14 
Lalande 21185 c 0.46 18.11 – 2939.65 0.80 1.50 2.28 0.18 1.00 1.81 14 
HIP 57050 c 0.35 72.14 – 532.96 1.25 1.17 2.50 0.72 1.40 5.87 13 
HD 113538 b 0.58 114.41 – 659.46 1.14 1.20 2.50 0.78 2.46 9.95 13 
HD 28254 A b 1.06 368.64 – 1118.50 1.70 1.33 2.50 3.69 3.30 11.39 13 
HD 114613 b 1.27 113.45 12.97 3999.83 1.08 1.47 2.50 0.83 3.55 11.20 12 
WASP-107 c 0.69 114.41 – 1088.00 1.14 1.19 2.50 0.77 2.45 10.04 12 
GJ 3512 c 0.12 63.56 – 1529.58 1.21 1.28 2.50 0.64 1.55 5.86 11 
Kepler-62 e 0.69 35.91 1.58 122.70 0.79 1.43 2.26 0.36 1.74 3.59 10 
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 DISCUSSION  

e have investigated the habitability of hypothetical moons around 
nown e xoplanets. We hav e found that sev eral massiv e planets hav e
 high habitability probability for moons, regardless of their discov- 
ry method. Not surprisingly, planets with the highest habitability 
robability are in the circumstellar HZ. A high eccentricity of the 
lanet’s orbit and/or high tidal heating rates in the moons were 
ound to be the main contributing factors of the habitability of
xomoons outside the circumstellar habitable zone (where insuffi- 
ient stellar radiation would make an Earth-like planet to be in a 
nowball state). 

Although Fig. 2 shows the circumstellar HZ, the planets pre- 
ented here were not filtered for main-sequence host stars. The 
eason is that the spectral type of the star is not listed in our
nput catalogue for 2564 out of 4140 cases, and even when it
s known, its current evolutionary stage is not listed. This means
MNRAS 513, 5290–5298 (2022) 
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hat some of these planets can have host stars that are normally
ot considered to provide a stable radiation environment for life.
his should be taken into consideration when selecting promising
bservation targets from our list. Note, however, that the giant
lanets themselves may provide extra protection as the moons are
robably embedded in the planets’ magnetospheres, which can be
trong enough to shield against stellar wind and galactic cosmic
ays (Grießmeier et al. 2009 ; Heller & Zuluaga 2013 ). For smaller
lanets, the coupled magnetospheres of the two bodies provide
rotection for both the planet and the moon (Green, Boardsen &
ong 2021 ). 
In the case of planet migration, it is likely that the giant planets in

he circumstellar HZ were formed at larger distances from the star
nd then migrated inwards to their current orbit (see for example
orbidelli 2010 ). During the orbital migration, they can lose some

r all of their moons, especially if the moon orbit is close to the planet
Namouni 2010 ; Spalding, Batygin & Adams 2016 ). Depending on
he physical and orbital parameters of the planet and the moon, as
ell as on the starting and final semimajor axes of the planet, some
oons can survive this process, and new moons can also be captured

uring or after the migration of the planet. Neither planet migration
or moon capture is included in our simulations as they require
urther studies, which are out of the scope of this article. 

The provided lists of exoplanets (Table 1 and Table B1 ) with
igh habitability rates for exomoons can be used as a target list
or observations. Unfortunately, most of the planets with high
abitability probability have orbital periods of several hundreds of
ays, which makes observations of potential moons challenging.
igh on this list is Kepler-62 f with a 268 d orbital period, a measured
ass and radius, and 53 per cent habitability probability for moons.
his planet has been the subject of sev eral inv estigations as it is
 1.38 R ⊕ planet in the circumstellar HZ of a K-type star (see for
xample Borucki et al. 2013 ; Kane 2014 ; Shan & Li 2018 ). An upper
imit on its mass was placed at 35–36 M ⊕ (Borucki et al. 2013 , 2018 ).
asaki & Barnes ( 2014 ) studied the possibility of stable moon orbits
round this planet and found that the lifetime for a moon would be
onger than 5 Gyr in a large fraction of the tested configurations.
hese findings show that a large, Mars-, Venus-, or maybe even
arth-sized moon (captured or formed by collision) can exist around

his planet, and its orbit can be stable for a long timescale, providing
 stable environment for life. 

Another promising target that can be observed both by the transit
nd the radial velocity method is Kepler 16 (AB) b, a 0.33 M J planet
n a 234.45 d orbital period around a double star. This was the first
onfirmed circumbinary planet which put the system in the centre of
ttention (Doyle et al. 2011 ). The system consists of a K dwarf pri-
ary and an M dwarf secondary, accompanied by the approximately
aturn-sized planet, Kepler 16 b. Forgan ( 2014 ) found that the planet

s outside the circumbinary habitable zone, while Quarles, Musielak
 Cuntz ( 2012 ) shows that it is within the extended habitable zone,
hich considers CO 2 clouds in the atmosphere to allow enhanced
arming (Mischna et al. 2000 ). Orbital stability and climate models

howed that if the planet has an Earth-sized moon or a Trojan
ompanion, then it can be habitable and also observable (Quarles
t al. 2012 ; Moorman et al. 2019 ; Sudol & Haghighipour 2021 ).
his is in line with our result, which shows a 47 per cent habitability
robability for a massive moon around the planet. 
Many of the planets in Table 1 are gas giants, which makes it likely

hat the y ev en hav e sev eral moons. As discussed in the introduction,
he y can ev en hav e large, Mars- or Earth-sized moons. We propose
o use our results to choose observation targets in the hope that they
an lead to the disco v ery of the first habitable exomoon. 
NRAS 513, 5290–5298 (2022) 
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epler-1600 b 0.86 – 3.06 386.37 0.52 
epler-1634 b 0.92 – 3.13 374.88 0.51 
epler-1318 b 0.73 – 3.04 213.26 0.52 
epler-1636 b 1.01 – 3.16 425.48 0.52 
epler-1086 c 0.70 – 2.88 161.52 0.52 
J 752 A b 0.45 12.20 – 105.91 0.55 
IC 5094412 b 0.82 – 5.60 277.89 0.53 
epler-1540 b 0.74 – 2.44 125.41 0.51 
epler-453 (AB) b 0.93 9.53 6.04 240.50 0.52 
D 11964 b 1.12 197.67 – 1934.58 1.32 
epler-1593 b 0.81 – 3.11 174.51 0.52 
epler-443 b 0.74 – 2.30 147.88 0.51 
epler-1341 b 0.79 – 2.93 133.00 0.52 
epler-1536 b 0.71 – 3.07 364.76 0.52 
D 34445 b 1.07 199.89 – 1055.52 1.39 
J 3138 d 0.68 10.49 – 258.13 0.54 
epler-1690 b 0.88 – 2.75 234.81 0.52 
epler-441 b 0.57 – 1.65 247.72 0.52 

au Cet f 0.78 3.94 – 636.04 0.51 
IC 12454613 b 0.87 – 2.50 748.43 0.52 
epler-1653 b 0.72 – 2.13 138.98 0.51 
OI-4427.01 0.53 – 1.80 136.60 0.51 
epler-1544 b 0.81 – 1.74 168.81 0.52 
epler-1630 b 0.66 – 2.14 510.00 0.52 
IP 57274 d 0.73 167.48 – 433.96 1.29 
D 114729 A b 0.93 266.95 – 1136.28 1.56 
epler-68 d 1.08 244.70 – 582.25 1.48 
epler-1552 b 0.85 – 2.41 184.77 0.52 
epler-1654 b 1.01 158.90 8.99 1048.17 1.27 
epler-705 b 0.53 – 2.06 56.06 0.52 
epler-1549 b 0.88 – 2.51 214.89 0.51 
 CMA c 1.52 287.92 – 929.49 1.55 
epler-1097 b 0.82 – 3.19 187.75 0.53 
D 17674 b 0.98 276.48 – 624.38 1.57 
epler-452 b 1.04 – 1.59 383.19 0.52 
D 219415 b 1.00 317.80 – 2091.01 1.63 
J 357 d 0.34 7.21 – 57.55 0.51 
olf 1061 d 0.25 7.69 – 235.40 0.53 
epler-97 c 0.94 343.22 – 789.00 1.69 
D 9174 b 1.03 352.75 – 1174.48 1.53 
IP 14810 d 0.99 181.14 – 953.91 1.29 
OI-771 b 0.95 – 13.50 670.65 0.66 
D 73534 b 1.29 365.47 – 1798.05 1.72 
D 170469 b 1.14 212.92 – 1146.97 1.43 
epler-1554 b 0.84 – 2.84 198.09 0.52 
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PPENDI X  A :  PLANETS  WI TH  SMALLER  TEST  

O O N S  

able A1 lists the results of our calculations for those planets which
ave at least 10 per cent habitability probability for moons (like in
able 1 ), but for which the average radius of the test moons is 1 R ⊕
r smaller. 
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us, avg( R m 

) ≤ 1 R ⊕. 

avg ( R m ) max ( R m ) min ( M m ) avg ( M m ) max( M m ) hab .prob . 
[ R ⊕] [ R ⊕] [ M ⊕] [ M ⊕] [ M ⊕] [Per cent] 

0.98 2.48 0.10 0.65 7.87 59 
0.99 2.50 0.10 0.67 8.49 56 
0.97 2.48 0.10 0.64 8.03 54 
1.00 2.49 0.10 0.69 7.62 50 
0.94 2.49 0.10 0.59 9.02 50 
0.91 1.57 0.12 0.48 1.22 40 
0.91 2.50 0.10 1.16 11.27 38 
0.84 2.42 0.10 0.44 6.94 30 
0.95 2.10 0.10 0.68 4.84 29 
0.77 2.50 1.37 1.95 11.45 29 
0.98 2.48 0.10 0.67 7.83 28 
0.80 2.26 0.10 0.41 7.20 28 
0.95 2.48 0.10 0.60 7.47 27 
0.98 2.41 0.10 0.65 8.34 27 
0.75 2.50 1.71 1.91 11.87 26 
1.00 1.74 0.10 0.53 1.80 24 
0.91 2.49 0.10 0.55 8.51 23 
0.53 2.07 0.10 0.21 4.35 21 
0.63 1.04 0.10 0.20 0.39 21 
0.85 2.39 0.10 0.47 6.64 20 
0.76 2.10 0.10 0.36 4.78 20 
0.48 2.01 0.10 0.21 4.13 19 
0.47 1.90 0.10 0.19 3.72 18 
0.77 2.17 0.10 0.36 4.56 18 
1.00 2.50 1.45 2.43 11.47 17 
0.52 2.50 2.67 1.38 11.37 17 
0.59 2.50 2.23 1.52 11.90 17 
0.84 2.49 0.10 0.44 5.73 16 
0.99 2.50 1.59 2.46 11.60 16 
0.58 2.22 0.10 0.27 5.64 16 
0.86 2.37 0.10 0.47 6.62 16 
0.47 2.50 2.37 1.25 11.81 15 
1.00 2.48 0.10 0.70 8.35 14 
0.49 2.50 2.77 1.31 11.69 14 
0.58 1.87 0.10 0.22 3.41 14 
0.41 2.50 3.18 1.11 11.62 14 
0.55 1.36 0.10 0.19 1.21 14 
0.69 1.52 0.10 0.25 1.12 12 
0.36 2.50 3.43 0.99 11.28 11 
0.36 2.50 2.06 0.98 11.93 11 
0.86 2.50 1.21 2.15 11.39 11 
0.29 2.50 0.16 0.69 11.09 11 
0.33 2.50 3.65 0.91 11.30 11 
0.70 2.50 2.13 1.79 11.57 11 
0.93 2.49 0.10 0.57 9.75 10 
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Table B1. Fraction of test moons that are habitable, in a runaway greenhouse, 
and in a snowball state in the second run of calculations (columns 2–4, 
respectively). Moon masses were limited to be at least 1 M ⊕. The last column 
shows the fraction of test moons that were too big (mini-Neptunes) to be 
considered habitable. 

Planet name Habitable Too hot Too cold Too massive 
cases 

[per cent] 
cases 

[per cent] 
cases 

[per cent] 
cases 

[per cent] 

Kepler-459 b 69.87 29.80 0.00 0.33 
Kepler-456 b 68.54 28.36 0.00 3.10 
HD 7199 b 64.70 24.61 0.00 10.69 
Kepler-1635 b 63.22 36.72 0.00 0.06 
HD 34445 f 61.06 38.93 0.00 0.01 
Kepler-458 b 59.34 40.51 0.00 0.15 
KIC 9662267 b 59.27 40.53 0.00 0.20 
Kepler-62 f 52.34 47.66 0.00 0.00 
Kepler-47 (AB) c 52.16 47.73 0.00 0.11 
HD 564 b 50.15 28.82 0.00 21.03 
HD 137388 b 50.82 37.84 0.00 11.34 
Kepler-712 c 49.92 49.93 0.00 0.15 
Kepler-16 (AB) b 48.08 30.39 0.00 21.53 
Kepler-1143 c 46.56 53.42 0.00 0.02 
KIC 10255705 b 36.05 36.81 0.00 27.14 
GJ 3293 c 34.70 38.35 14.38 12.57 
HD 218566 b 34.12 39.28 0.00 26.60 
55 Cnc f 34.96 61.58 0.00 3.46 
GJ 876 e 32.81 40.63 23.95 2.61 
Kepler-421 b 32.53 33.39 34.05 0.03 
HD 147379 b 28.23 47.04 0.00 24.73 
Kepler-967 c 31.02 68.98 0.00 0.00 
GJ 785 c 28.52 33.66 37.72 0.10 
Kepler-1628 b 27.98 31.41 0.00 40.61 
KIC 9704149 b 27.86 33.71 38.08 0.35 
HD 82943 d 26.10 20.31 42.62 10.97 
Kepler-34 (AB) b 26.20 73.34 0.00 0.46 
Kepler-22 b 26.47 73.53 0.00 0.00 
KIC 5010054 b 27.12 56.58 0.00 16.30 
HD 128356 b 22.49 22.55 0.00 54.96 
GJ 414 A c 19.53 23.66 55.03 1.78 
Kepler-455 b 19.19 23.50 52.24 5.07 
GJ 687 c 19.11 31.46 49.41 0.02 
GJ 273 d 18.23 31.67 50.10 0.00 
GJ 273 e 17.45 30.53 52.02 0.00 
HD 220197 b 17.46 21.17 61.28 0.09 
HD 126614 A b 16.48 15.85 36.01 31.66 
HD 219134 e 16.04 20.24 57.19 6.53 
HD 164922 b 14.90 14.76 41.10 29.24 
Proxima Centauri c 13.55 24.40 62.05 0.00 
HD 204941 b 13.60 16.71 51.38 18.31 
Lalande 21185 c 13.76 22.56 63.68 0.00 
HIP 57050 c 12.90 14.17 28.88 44.05 
HD 113538 b 12.90 12.91 32.93 41.26 
HD 28254 A b 13.20 23.51 0.00 63.29 
HD 114613 b 12.77 14.13 46.95 26.15 
WASP-107 c 11.45 12.27 36.29 39.99 
GJ 3512 c 9.94 12.00 38.85 39.21 
Kepler-62 e 10.36 89.64 0.00 0.00 
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PPENDIX  B:  PLANETS  WITH  MASSIVE  TEST  

O O N S  

able B1 shows the habitability probability for a second round of
alculations, which was made only for the 49 planets presented in
able 1 (i.e. for those planets that had at least 10 per cent habitability
robability for moons and where the average radius of the moons
as at least 1 R ⊕). This time, ho we ver, only moons having at least
 M ⊕ were considered in the calculations. The planets are listed in
he same order as in Table 1 to help comparing the data of the two
ables. 

The ratio of cases when the moon is in a runaway-greenhouse state
indicated as too hot cases ) or in a snowball state ( too cold cases ) is
lso shown in Table B1 , as well as the fraction of cases where the
enerated test moon was too massive to be considered as a rocky
ody. 
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