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ABSTRACT

Context. Of the few thousand discovered exoplanets, a significant number orbit in the habitable zone of their star. Many of them are
gas giants lacking a rocky surface and solid water reservoirs necessary for life as we know it. The search for habitable environments
may extend to the moons of these giant planets. No confirmed exomoon discoveries have been made as of today, but promising
candidates are known. Theories suggest that moon formation is a natural process in planetary systems.
Aims. We aim to study moon formation around giant planets in a phase similar to the final assembly of planet formation. We search for
conditions for forming the largest moons with the highest possibility in circumplanetary disks, and investigate whether the resulting
moons can be habitable.
Methods. We determined the fraction of the circumplanetary disk’s mass converted into moons using numerical N-body simulations
where moon embryos grow via embryo−satellitesimal collisions, investigated in disks around giant planets consisting of 100 fully
interacting embryos and 1000 satellitesimals. In fiducial simulations, a 10 Jupiter-mass planet orbited a solar analog star at distances
of 1−5 au. To determine the habitability of the synthetic moons, we calculated the stellar irradiation and tidal heating flux on these
moons based on their orbital and physical parameters.
Results. The individual moon mass is found to be higher when the host planet orbits at a smaller stellar distance. However, moons
leave the circumplanetary disk due to the stellar thief effect, which is stronger closer to the star. We find that 32% of synthetic moons
can be habitable in the circumstellar habitable zone. Due to the intense tidal heating, the incidence rate of moon habitability is similar
at 2 au, and decreasing to 1% at larger distances (< 5 au).
Conclusions. We conclude that the circumstellar habitable zone can be extended to moons around giant planets.

Key words. planets and satellites: formation – celestial mechanics – methods: numerical

1. Introduction

The search for extraterrestrial life has traditionally meant hunt-
ing for exoplanets orbiting in the classical habitable zone of
a solar analog star. However, the possibility of life should not
be limited to this zone. An exomoon can also have the prop-
erties required for life as we know it (see, e.g., Williams et al.
1997; Kipping et al. 2009; Kaltenegger 2010). The most im-
portant properties for habitability are the solid silicate surface,
which is the source of the building blocks of life, and the pres-
ence of liquid water on the surface, which acts as a solvent and
a transfer medium for complex molecules (Lammer et al. 2009).
Optimal atmospheric pressure and temperature are required for
the presence of liquid water at the planetary surface. The emer-
gence and long-term evolution of life is conceivable in an en-
vironment similar to that on Earth. However, the probability of
finding biomarkers could be increased by extending the search to
Earth-sized exomoons orbiting giant planets in the circumstellar
habitable zone (CSHZ). Moreover, the additional heat from tidal
heating may make it possible to extend the region of liquid wa-
ter beyond the outer edge of the CSHZ (Heller & Barnes 2013;

Dobos & Turner 2015). The optimal mix of the heat from stellar
irradiation, tidal heating, and other sources can provide a fertile
environment for life (Heller 2012; Dobos et al. 2017).

The existence of the moons of the Solar System’s giant plan-
ets as well as planet formation theories predict that the formation
of regular moons is a common process (see, e.g., Peale & Canup
2015). As of today, we know of a dozen promising exomoon
candidates (e.g., Fox & Wiegert 2021; Oza et al. 2019), but none
of them have been confirmed yet.

Regular moons assemble simultaneously with the formation
of the planetary system in a circumplanetary (CP) disk. Of the
many theories of moon formation, the following three appear
to be the most widely accepted to describe the origin of the
moons of the Solar System. 1) In the solid-enhanced minimum
mass nebula model, a subnebula is detached from the protoplan-
etary disk by the growing giant planet. Moon formation starts
with dust coagulation in the subnebula (Mosqueira & Estrada
2003). Moonlets of the order of 1000 km size can be formed in
103 − 104 years (Estrada et al. 2009). 2) In the gas-starve disk
model, the protosatellite disk is fed by the infalling material from
the circumstellar protoplanetary disk (Canup & Ward 2002; Ogi-
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hara & Ida 2012). The formation of Galilean moon-like satellites
can even last for 106 years in this theory (Heller & Pudritz 2015).
3) In the tidally spreading disk model, the moon formation is as
if moonlets were being made on an assembly line at the Roche
limit of a giant planet, while the CP disk is constantly spread-
ing outwards from inside of the Roche limit (Crida & Charnoz
2012). Gas is already being dissipated from the disk, and the
moonlets are being fed by the debris coming from the inside of
the Roche limit (Fujii et al. 2017). Thus, the spreading disk de-
scribes a late formation theory.

The final assembly of regular moon formation could be char-
acterised by collisions and pebble accretion. It can be assumed
that the moons are assembled by processes similar to those of
the rocky planets, but scaled down to the size of satellite sys-
tems (Ronnet & Johansen 2020). During planet formation, plan-
etesimals are formed from the dust component of the protoplan-
etary disk. In the final assembly phase, the gravitational inter-
action between planetesimals becomes the dominant force in
the disk. Larger mass bodies accrete more mass, so they grow
rapidly in the runaway growth phase (Greenberg et al. 1978).
The perturbation of the largest mass neighbours produces an in-
creasing velocity dispersion in the disk (Kokubo & Ida 1998).
As a result, planetary embryos form in the oligarchic growth
phase that are massive enough to perturb the orbits of less mas-
sive planetesimals (Ida & Makino 1993). Protoplanets form from
the embryo−embryo and embryo−planetesimal collisions. Af-
ter the gas has dissipated from the disk, planets form via pro-
toplanet collisions in the post-oligarchic growth phase (Ronco
et al. 2015). Based on the analogy of planet formation, in our
study, we refer to planetesimals as satellitesimals and embryos
as moon embryos (or simply embryos).

The formation of irregular moons (which do not form to-
gether with the planet) is usually explained by the following two
theories. 1) CP disks can form after a giant impact event, final
assembly takes place in these disks as well, resulting in the for-
mation of protosatellites (Canup & Asphaug 2001; Ronnet &
Johansen 2020). 2) In addition, planets can acquire moons by
capturing asteroids formed in the circumstellar disk (Debes &
Sigurdsson 2007; Williams 2013).

In this study, we investigated the final phase of regular moon
formation using numerical N-body simulations. Our model is
primarily described by the final phase − and its continuation −
of the solid-enhanced minimum mass nebula and the gas-starve
CP disk scenarios. We calculated the gravitational interactions
in CP disks consisting of fully interacting moon embryos em-
bedded in a swarm of satellitesimals applying a direct N-body
integrator using GPUs. The semi-major axis of the planetary or-
bit and the mass of the host planet were varied. The gravitational
field of the star can influence moon formation by stealing moons
from the CP disk. Therefore, to study this effect, we compared
two fiducial models: one includes a central star, while the other
does not, for which case the external perturbing source acting on
the CP disk is absent. We determined the parameters necessary
to form the largest number and largest mass moons.

We investigated the habitability of moons assembled in the
numerical simulations using a semi-analytical code. Taking into
account the stellar irradiation, the stellar light reflected by the
host planet, the thermal emission of the planet, and the heating
from the planet−moon tidal interaction, we calculated the hab-
itability of the synthetic moons based on the properties and the
orbital elements of the moons from the results of the numerical
simulations. Finally, we studied the habitability of moon candi-
dates around exoplanets.

The paper is structured as follows. Section 2 is dedicated to
the method of habitability calculations and the instance of pos-
sible habitable moons around known giant exoplanets. Section 3
presents a describe of the numerical method applied for the N-
body calculations. The results of the N-body simulations and
habitability calculations are presented and discussed in Sect. 4.
The main conclusions are summarized in Sect. 5.

2. Habitability of moons

2.1. Heat sources of satellites

The simplest CSHZ is a ring-shaped region around a star assum-
ing an Earth-like planet. The extent of the ring depends on the
stellar luminosity. Water can exist in liquid state on the surface
of an Earth-mass (M⊕) planet orbiting between the boundaries
of the CSHZ with an Earth-like atmosphere (e.g., Kasting et al.
1993). If the planet orbits closer to the central star than the in-
ner edge of the CSHZ, the surface environment is too hot; if
the planet orbits at a larger distance from the star than the outer
edge of the CSHZ, the surface is too cold for liquid state water.
However, habitable environments can be extended to the moons
due to additional heat sources such as the stellar light reflected
by the host planet, the thermal emission from the planet, and the
heating from the planet−moon tidal interaction (Heller & Barnes
2013; Dobos et al. 2017). In addition to the stellar irradiation, the
additional heat sources can provide a circumplanetary habitable
zone (CPHZ) around the host planet for a given moon. It is im-
portant to note that the extent of the CPHZ depends strongly on
the individual parameters of the moon.

For moons, the same incoming heat levels occur at different
distances from the central star than it was predicted by Koppa-
rapu et al. (2014) for planets, due to the presence of additional
heat sources. The global energy flux on the moons can be signif-
icantly influenced by tidal heating, which comes from the tidal
energy dissipation of the planet−moon interactions. The tidal
heating rate in a viscoelastic satellite can be calculated using the
following expression (e.g., Peale 2003; Meyer & Wisdom 2007)

Htidal =
21
2

k2

Q

GM2
plR

5ne2

a6 , (1)

where G is the gravitational constant, Mpl is the planetary mass,
R, n, e, and a are the radius, mean motion, eccentricity, and
semi-major axis of the satellite, assuming a synchronous rota-
tion. The mean motion can be written as n = (GMpl/a3)1/2. Q is
the tidal dissipation factor and k2 is the second-order Love num-
ber of the satellite. The k2/Q parameter together describes the
tidal response of the body and can be replaced by the imaginary
number of k2, Im(k2) for a viscoelastic description of the rocky
body (Segatz et al. 1988). Viscoelastic models are more realis-
tic than models with a fixed k2/Q value because they include
the temperature dependence of the viscosity (ηs) and the shear
modulus (µs) of the rocky material. For calculating Im(k2), we
follow the Maxwell model description of Henning et al. (2009),
which was applied to exomoons for the first time by Dobos &
Turner (2015). Based on Heller & Barnes (2013), we also calcu-
lated the stellar irradiation, the energy flux from the stellar light
reflected by the planet and the thermal emission of the planet on
the surface of a moon. We used a semi-analytical method to ob-
tain the global heat flux on the moons. For more details on the
habitability calculation, see Dobos et al. (2017).
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2.2. A demonstration for moon habitability

To demonstrate that Earth-like habitable environments can also
exist around giant planets, we collected a sample of giant ex-
oplanets from the exoplanets.org database. We selected 461
known giant exoplanets with 1 MJ < Mpl < 13 MJ (MJ represents
Jupiter-mass). We calculated the total incoming heat flux for the
selected exoplanets, assuming tidal interactions with Earth ana-
log putative moons in e = 0.05 orbit around their host planet. We
did not specify the semi-major axes of the moon orbits. Instead,
we examined the distance at which a moon must orbit the planet
to receive the flux necessary for habitability. If no such distance
can be defined where a putative moon can be habitable, then the
planet does not have a CPHZ. When the orbit of the moon is
inside the Roche limit or beyond the planetary Hill sphere, the
moon also cannot be considered habitable due to the disintegra-
tion or orbital instability.

Figure 1 is an illustration of the phenomenon of how many
giant exoplanets in our sample can have a putative habitable
moon. The figure shows the luminosity of the exoplanets’ central
stars as a function of the semi-major axis of the planetary orbits.
The CSHZ boundaries are calculated using Eq. (4) of Kopparapu
et al. (2014), where we assumed S eff⊙ values for 1 M⊕ moon.
Conservative and optimistic habitable zone (HZ) limits are de-
fined based on the climate models of Kopparapu et al. (2013), de-
pending on the mass and the composition of the planetary atmo-
spheres. The recent Venus limit refers to the inner boundary of
the optimistic HZ. The runaway greenhouse limit defines the in-
ner boundary of the conservative HZ. The environment for liquid
water on the surface of an Earth-like planet orbiting in the con-
servative HZ is stable and optimal over long timescales. At the
outer boundary of the conservative HZ, the heat from stellar irra-
diation drops to the level required for the maximum greenhouse
limit. The outer boundary of the optimistic HZ is the early Mars
limit, which assumes a relatively dense CO2 atmosphere, such as
that supposed to have existed on Mars 3.8 billion years ago.

For moons, in addition to stellar irradiation, tidal heating can
be a significant source of heat. The significance of tidal heating
increases with the stellar distance. Figure 1 shows that based on
the total incoming heat flux on the moons, the host planets are
classified into the following categories. ∼ 74% of planets cannot
host a habitable moon because the surface of a putative moon
is too hot. However, about 26% of planets can have an Earth
analog habitable moon. Among these, it is important to highlight
the planets orbiting outside the CSHZ. The moons around these
planets can be habitable due to the additional heat provided by
tidal heating. This category accounts for almost the half of the
planets with a putative habitable moon in our sample. For a given
stellar luminosity beyond a certain distance, even the additional
heat from tidal heating is not sufficient to sustain habitability for
a putative moon. We find three planets in this category.

Now, we estimate the region of CPHZ for a given planet at
which an Earth analog moon in an e = 0.05 orbit can be hab-
itable. Figure 2 illustrates an example of the CPHZ limits from
a face-on view. In the case of HD 114386 b, we find that a pu-
tative moon orbit within a relatively broad range, between the
recent Venus and early Mars limits, can considered habitable.
Since HD 114386 b orbits beyond the CSHZ of its K-type star,
stellar irradiation gives only a relatively small contribution to the
total heat flux on the moon. Instead, tidal heating becomes a cru-
cial heat source, establishing a CPHZ where a putative moon can
be habitable. Closer to the planet than the recent Venus limit, the
moon would be too hot, while beyond the early Mars limit, it
would be too cold for habitability.
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Fig. 1. Stellar luminosity as a function of the semi-major axis of
1MJ < Mpl < 13 MJ exoplanet orbits derived from exoplanets.org.
The limits of the circumstellar habitable zone (CSHZ) are displayed
with curves: recent Venus (dashed red), runaway greenhouse (solid red),
maximum greenhouse (solid blue), and early Mars (dashed blue) based
on Kopparapu et al. (2014). Planets are represented as colored dots
whose size is proportional to M1/3

pl . Red and blue dots represent planets
that cannot host a habitable environment for Earth analog moons (they
are too hot or too cold, respectively). Orange, light green and dark green
colors show that the putative moon experiences enough energy to be
considered habitable. The date of the exoplanets.org query is May
2024. We note that the purpose of the data are merely to demonstrate,
using a sample of planets, that our method is valid. It is not intended to
assess habitability for the most recently discovered planets.

Fig. 2. Face-on view of the circumplanetary habitable zone of
HD 114386 b assuming an Earth analog moon on e = 0.05 orbit around
the planet. The axes represent the distance from the host planet in the
planetary Hill radius. Roche (black), recent Venus (red), runaway green-
house (orange), maximum greenhouse (light green), and early Mars
(green) limits are displayed with solid circles. The shaded zones are
too hot region for habitability (red), inner optimistic habitable zone (or-
ange), conservative habitable zone (light green), outer optimistic habit-
able zone (green), and too cold region for habitability (blue).
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Based on Eq. (1), one can see that the definition of the CPHZ
is unique for each moon, therefore, it is difficult to define gen-
eralized distance limits for the habitable zone around planets.
However, one common feature can be derived for each exo-
planet: as the planet orbits farther from the star, the limits as-
sociated with the heat flux levels necessary for habitability move
closer to the host planet.

3. N-body simulations of moon formation

We investigate the final phase of moon formation in CP disks
with numerical N-body simulations. The final assembly of rocky
bodies is calculated in CP protosatellite disks, which are gas-free
in our model. The disks consist of moon embryos embedded in
a swarm of satellitesimals, and the only force considered in the
calculation is gravity. The central star, host planet, moon em-
bryos, and satellitesimals are calculated as gravitationally fully
interacting bodies.

The efficiency of planet formation can be used as an anal-
ogy to define the efficiency of moon formation. Moon forma-
tion efficiency can be defined as the ratio of the total mass of
moons formed to the initial disk mass (Dencs & Regály 2021).
We performed simulations to compare the formation efficiency
in a stellar-centered (SC) and in a planet-centered (PC) scenario.

In the SC scenario, the central star is a Solar analog. In order
to model the formation of nearly Earth-mass moons, a 10 MJ gi-
ant planet is assumed to orbit the star in the fiducial model. Based
on that the average density of the giant exoplanets of Fig. 1 is
found to be ∼ 1.3 g cm−3, we assume a density of 1 ρJ and a ra-
dius of 2.61 RJ for the host planet. In the additional simulations,
the mass of the giant planet is set to 2 and 5 MJ. The semi-major
axis (apl) is set to 1, 2, 3, and 5 au in the different simulations.
The initial eccentricity and inclination of the planetary orbit are
both zero. In the PC scenario, we use the same initial conditions
as in the SC scenario fiducial model, but the central star is re-
moved, the 10 MJ planet is the new center of the system. In the
PC simulations, there is no stellar perturbation in the system.

To determine the initial mass of the CP disk, we assume
the formation of Earth-mass moons, which are important for the
habitability investigations. The initial disk mass is set to 2 M⊕,
for which case at least one Earth-mass moon may form due to
the fact that the formation efficiency is less than 100%. Consid-
ering a 10 MJ planet, the disk-to-planet mass ratio is found to be
of the order of 10−4 in agreement with the mass ratio generally
assumed for regular moon systems by Canup & Ward (2006). In
the additional simulations with 5 MJ and 2 MJ host planets, the
masses of the protosatellite disks are reduced by 50 and 80%,
respectively.

Assuming that a final assembly phase in a protosatellite disk
is the scaled-down version that of in a protoplanetary disk, we
applied similar initial numbers and properties for embryos and
satellitesimals as widely used in planet assembly N-body simu-
lations (e.g., Kokubo & Ida 1998; Raymond et al. 2009; Ronco
et al. 2015; Lykawka & Ito 2019; Clement & Chambers 2021).
Initially, 100 embryos and 1000 satellitesimals were placed in
the CP disk. We have previously shown that simulations con-
taining fully interacting planetesimals in embryo−planetesimal
disks are numerically convergent −meaning that the initial num-
ber of embryos does not affect the results − even with as few as
100 initial embryos (Dencs & Regály 2021).

The total embryo-to-satellitesimal mass ratio is 1:1. Thus,
the individual masses of the embryos and the satellitesimals are
0.01 and 0.001 M⊕, respectively. The density of the embryos and
satellitesimals is uniformly 3 g cm−3 (see, e.g., Lykawka & Ito

2019). Using a spherical approximation for the bodies, the radii
of the embryos and the satellitesimals are set to 1.11 × 10−2 Rpl

(∼ 2037 km) and 5.18 × 10−3 Rpl (∼ 945 km), respectively.
The inner and the outer edges of the disk are determined

based on the Roche and the Hill radii of the host planet, re-
spectively. In this region, the orbits of embryos and satellitesi-
mals can be stable on long timescales. Initially, we considered
the orbit of Io as the inner boundary, scaled up for the case of
a 10 MJ planet. Thus, the inner boundary is set at 5.16RJ. We
note that, this is larger than the rigid Roche limit, its use signifi-
cantly reduces the runtime of the simulations. In the SC scenario,
the host planet’s gravitational effect determines the orbit of the
embryos and satellitesimals within the planetary Hill sphere. Be-
yond 0.49×Hill radius, the embryos and satellitesimals are only
weakly bound to the planet (Domingos et al. 2006). Therefore,
we set a conservative 0.4 × Hill radius as the initial outer edge of
the protosatellite disk. The Hill radius increases linearly with apl,
therefore the distance of the outer edge of the disk from the host
planet increases with the stellar distance. We use an increasing
disk size for 1, 2, 3, and 5 au stellar distances. We note that, the
surface number density of the embryos and satellitesimals de-
creases with the increasing distance from the central star. In PC
scenario, we use also four different disk sizes referring to apl=1,
2, 3, and 5 au cases in SC scenario.

The angular positions and velocities of the embryos and
satellitesimals are randomly distributed in the CP disk at the
initial stage with the constraint that the initial surface number
density of the disk is proportional to R−1 (Andrews & Williams
2007). In the fiducial model, we run ten simulations for each
CP disk. The initial position and velocity of the embryos and
satellitesimals are redistributed ten times for statistical studies.
Figure A.1 shows the face-on view of the CP disks at the four
different stellar distances. The initial and the final distributions
of the embryos and satellitesimals are shown in the top and bot-
tom panels, respectively.

All simulations are calculated in three dimensions. We study
dynamically cold and hot disks in order to investigate the ef-
fect of the initial eccentricity and inclination distribution of em-
bryos and satellitesimals on the formation of moons. In the case
of larger mutual orbital inclinations, collisions occur less fre-
quently, thus, the embryo growth may be slower and the effi-
ciency of the moon formation may be lower in hot disks than
in cold disks. The initial inclination distribution of embryo and
satellitesimal orbits follows Rayleigh distribution. In cold and
hot disks the peaks of the inclination distributions are at 2×10−4

and 4 × 10−4, respectively. The initial eccentricity distribution
of embryo and satellitesimal orbits also follows Rayleigh distri-
bution. Based on the estimations of for example, Ida & Makino
(1992); Kokubo & Ida (2000), 2i ∼ e, therefore the peaks of the
eccentricity distributions are at 4×10−4 and 8×10−4 in cold and
hot disks, respectively.

The synthetic bodies interact with each other gravitation-
ally, which can lead to the following outcomes. 1) The col-
lision of two bodies results in one body containing the mass
of the original bodies: impulse and mass conservation due
to the perfectly inelastic collision. Only embryo−embryo and
embryo−satellitesimal collisions are allowed. A collision occurs
when the distance between the two bodies is less than the sum of
their radii. 2) An object is accreted by the planet within the phys-
ical radius of the planet, but the mass of the object is not added
to the mass of the planet. 3) The scattered body is accreted by the
star within the stellar radius. 4) The scattered body is removed
(R > 1000 au).
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For the investigation, we use our own developed numerical
integrator, HIPERION1, which is a GPU-based direct N-body in-
tegrator. The calculations were performed on NVidia Tesla K20,
K40, and K80 GPUs. We apply a 4th order Hermite scheme in the
simulations (Makino & Aarseth 1992). An adaptive shared time-
step method is applied at each integration step, using the gener-
alized 4th order Aarseth scheme (Press & Spergel 1988; Makino
& Aarseth 1992) with a given η parameter, which controls the
precision of the integrator. In our study, η = 0.025 is found to
be optimal. The total energy of the system should be conserved,
therefore, the precision of the integrator can be described by the
relative energy error in each iteration. The calculations are per-
formed using double precision arithmetics. The relative energy
error is determined by the instantaneous total energy (Ei) and the
total energy of the initial system (E0) as (Ei − E0)/E0 (Nitadori
& Makino 2008). The relative energy error is found to be in the
order of 10−10 − 10−8 with the optimal η value at the end of the
simulations.

Some embryos start to grow via embryo−embryo or
embryo−satellitesimal collisions, some of them remain small in
weight, others are scattered out from the protosatellite disk. The
embryos that have survived the oligarchic growth phase can be
considered moons at the end of the simulations. We note that
on a timescale orders of magnitude longer than the interval in-
vestigated, moons can occasionally collide with each other or be
accreted by the planet or the star in the post-oligarchic growth
phase, however the investigation of this is beyond the scope of
the recent study.

We must account for the presence of two timescales in our
simulations: 1) the first one is measured in the number of the
planetary orbits (this timescale is not the same in the different
simulations); 2) the second one is defined by the number of or-
bits of the bodies in the protosatellite disk (this timescale can be
unified in our fiducial model). The second timescale is more rel-
evant in moon formation dynamics. Protoplanets form typically
within 106 − 107 years timescale, which covers runaway and oli-
garchic growth phases (e.g., Kokubo & Ida 2000). It is plausible
to assume that moon formation is faster than planet formation
because of the spatially down scaled CP disk. The moon forma-
tion process can be completed within 104 years (e.g., Cilibrasi
et al. 2018), which means ∼ 106 orbits in a protosatellite disk.
Therefore, in our simulations, we apply an order of magnitude
larger timescale: the integrations are finished after 1.5 × 107 or-
bits, counted at the inner edge of the protosatellite disk in the
simulations with 10 MJ planet. The simulations are calculated for
7.68×104, 2.71×104, 1.48×104, and 0.69×104 planetary orbits
at 1, 2, 3, and 5 au stellar distances, respectively. For Mpl = 2 MJ
and 5 MJ, the simulations ran for a longer time because, in the
case of a smaller planet mass, the inner edge of the disk is lo-
cated closer to the planet, resulting in a shorter orbital period at
the inner boundary of the disk. The total mass of the embryos
converges to a constant level on the integration timescale.

In one specific case for each of the four orbital distances
in the fiducial model, the simulations were extended for 3 ×
107 orbits at the inner edge (see the bottom row of Fig. A.1) to
verify the long-term stability of the resulting moons. The results
confirm that no significant changes occur in the protosatellite
disks and that the resulting moons’ orbital elements can be con-
sidered stable over the investigated timescale.

1 https://www.konkoly.hu/staff/regaly/research/hiperion.html

4. Results and discussion

4.1. Moon formation in the circumplanetary disk

Panels A and B of Fig. 3 show the evolution of the total embryo
mass in the Mpl = 10 MJ SC and PC simulations, respectively.
In the SC scenario, the average total embryo masses first in-
crease, and then decrease, so they have maxima have maxima
at ∼ 1.58 M⊕. In the PC scenario, the average masses also in-
crease initially, and then only a relatively small decline occurs.
The maxima of the average masses are at a higher level in the
PC than in the SC simulations, and the maximum mass values
are spread over a wider range in the PC than in the SC scenario.
In the PC scenario, the maximum of the total embryo mass is
inversely proportional with the increasing disk size.

The total embryo mass depends slightly on the stellar dis-
tance in the SC simulations. The largest mass loss occurs in the
simulations where the planet orbits at 1 au. Thus, the efficiency
of moon formation is the lowest in these disks. The highest aver-
age efficiency is achieved at 2 au stellar distance in the SC simu-
lations in cold disks. In the PC simulations, we find that the for-
mation efficiency is inversely proportional to the disk size in both
cold and hot disks. The total mass of the embryos is larger in the
PC (1.66 M⊕ on average) than in the SC simulations (1.31 M⊕
on average) at the end of the simulations. Based on this, the total
embryo mass of the SC simulations could reach a higher peak,
but an effect outside the disk limits the maximum mass that em-
bryos can accrete.

As an additional explanation for panels A and B, Fig. 4
shows how the time required to reach the peak mass depends
on the size of the CP disk. One can see that as the distance of
the outer edge of the disk from the host planet increases, so does
the time taken to reach the peak in total embryo mass in both
cold and hot disks. In general, the maxima are reached later in
the PC than in the SC scenario. In the apl=1 au SC simulations,
the average total embryo mass reaches the peak after about 105

orbits at the inner edge of the disk. The peak is delayed in time
with the distance from the central star: in apl=2, 3, and 5 au sim-
ulations the total embryo mass peak is reached after 106, 2×106,
and 4 × 106 orbits, respectively. In the apl=1 au PC simulations,
the total embryo mass reach its peak after 2× 106 orbits, and the
time of the peak is also delayed with increasing disk size.

After the peak level is reached in the SC scenario, the total
embryo mass starts to decrease due to the embryos being scat-
tered out from the protosatellite disk. The observed phenomenon
can be explained by the following train of thought. The close
encounters of the embryos excite each other’s eccentricities. In
smaller size disks, close encounters occur more frequently due
to the higher surface density of the embryo distribution. The
peak of the eccentricity distribution of the embryo orbits shifts
to higher values than the initial eccentricity peak. The outermost
excited embryos leave the protosatellite disk and begin to orbit
the central star. Thus, in the case of SC simulations, the effi-
ciency of moon formation is determined by two components: the
surface number density of the bodies in the disk and the stealing
effect of the central star.

The major trend in the embryo mass evolution is the same
in the cold and hot disks. However, the standard deviation of
the final total mass is larger in the hot than in the cold disks.
The average efficiency of moon formation is quite similar in the
cold and hot disks: the difference in the efficiency is only 2% in
favor of the cold disks. This discrepancy can be explained by the
fact that the average inclination is larger in the hot than in the
cold disks. The mutual inclination of the bodies in the disks is
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Fig. 3. The evolution of the moon embryos and the protosatellite disks of 10 MJ host planets on a logarithmic timescale. The left and right panels
show the stellar-centered (SC) and the planet-centered (PC) scenarios, respectively. Green, yellow, red, and blue colors indicate the apl=1, 2, 3, and
5 au simulations, respectively. Shaded regions represent the range between the minimum and maximum values from the ten simulations of each
initial condition. Dark and light shadings indicate the initially cold and hot disks, respectively. Solid and dotted lines show the average values of
the cold and the hot disk simulations. Panels A and B show the total embryo mass, panels C and D show the total disk mass, panels E and F show
the average orbital eccentricity, and panels G and H show the number of embryos in the disks. All simulations start from the same level. Arrows
indicate the maxima of the average total embryo masses in the SC scenario.

relatively large in the hot disks, thus the probability of collisions
is lower in the hot disks than in the cold disks.

Panel C of Fig. 3 displays the evolution of the total disk mass
(moon embryos and satellitesimals) in SC simulations. The em-
bryos accrete satellitesimals by collisions, which do not change
the total mass of the disks. But after 7 × 104 orbits, the disk
starts to lose mass because of some embryos and satellitesimals
are removed from the disk. The total mass decay time propor-
tional to the distance of the planet from the star. On average,
40% and 30% of the initial disk mass are lost in apl=1 au and 5 au

simulations, respectively. The mass evolution of the dynamically
cold and the hot disks are very similar, however, the average disk
mass is lower in the hot than in the cold disks. Panel D of Fig. 3
shows the evolution of the disk mass in the PC scenario. In these
cases, the disk mass is almost constant. Only a relatively small
mass loss occurs, which can be explained mainly by the accre-
tion of the host planet and a relatively small number of ejections
from the system.

Panel E of Fig. 3 shows the evolution of the average eccen-
tricity of the moon embryo orbits (⟨e⟩embr) in the SC scenario.
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1 au 2 au 3 au 5 au

Fig. 4. The time for the average total embryo mass to reach its max-
imum as a function of the size of the disks. The time is displayed in
terms of the number of orbits at the inner edge of the CP disk on the left
vertical axis, as well as in years on the right vertical axis. The disk size
is expressed as the distance of the disk’s outer edge from the 10 MJ host
planet. Black and gray curves display the cold and the hot disks, respec-
tively. Solid and dotted lines show the SC and PC scenario, respectively.
The shading of the background color indicates the same stellar distances
as in Fig. 3.

The evolution of ⟨e⟩embr correlates with the evolution of the total
embryo mass for each stellar distance. The peak of the average
⟨e⟩embr of SC simulations is at 0.31. After reaching the peak,
the average ⟨e⟩embr begins to decrease as the embryos in high-
eccentric orbits leave the protosatellite disk due to the stellar
stealing or planetary accretion. The average ⟨e⟩embr converges
to the same level between 0.15 and 0.25. However, it has not
converged by the end of the apl=5 au simulations.

Panel F of Fig. 3 shows the evolution of the ⟨e⟩embr in the PC
scenario, where the ⟨e⟩embr behaves the same way as in the SC
scenario. This is because the high-eccentric embryos leave the
disk, either by being accreted by the planet or by being ejected
from the disk. However, the ⟨e⟩embr values are higher in the PC
than in the SC simulations. This is because the high-eccentric
embryos do not leave the disk in such a large numbers in the PC
than in the SC scenario due to the stellar stealing.

Panels G and H of Fig. 3 show the evolution of the number
of embryos in the SC and PC scenarios, respectively. It can be
seen that the number of embryos decreases over time. In the SC
scenario, the number of embryos decreases for two reasons: col-
lisions between embryos and their ejection from the disk. Since
the probability of close encounters between embryos decreases
with the increasing size of the disk, the number of embryos is al-
ways higher in the larger disks. One can see that in apl=1, 2, and
3 au simulations, the number of embryos converges to a constant
value between 1 and 25 for both cold and hot disks2. The num-
ber of the surviving embryos is higher in disks more distance
from the star. Note that, in the apl=5 au simulations, the number
of embryos has not yet fully saturated. In this case, the longevity
of the simulation is not sufficient for the convergence.

2 Note that, Fig. 3 shows the evolution on a logarithmic timescale to
emphasize the maxima in total embryo mass. However, the saturation
in the number of embryos is more apparent on a linear timescale. In
most simulations, there is no accretion in the last 10% of the timescale,
and ejections occur only at relatively long intervals.

For an embryo to be ejected from the disk, its eccentricity
must be excited above a critical eccentricity value. In the SC sce-
nario, the embryo eccentricity must be at least 0.6 and 0.9 to be
accreted by the planet from the inner and from the outer edges
of the disk, respectively. To escape outward from the disk (as-
suming an apocenter distance of, e.g., 150% of the disk’s outer
edge), only e > 0.2 is needed for an embryo orbiting at the outer
edge, while e > 0.5 is required from the inner edge. This shows
that embryos closer to the inner edge are more easily accreted by
the planet, while those near the outer edge are more likely to be
stolen by the star. In the PC scenario, there is no perturbing star
affecting the disk, and the gravitational field of the planet dom-
inates throughout the entire integration. Thus, e > 0.6 is also
required for accretion from the inner edge, but e ≥ 1 is required
for ejection from the system. Therefore, it is harder to eject em-
bryos from the disks in the PC scenario than in the SC scenario.

In the PC scenario, we find less frequently ejections from the
disk than in the SC simulations. Therefore, the decrease in the
number of embryos mainly occurs due to collisions in the PC
scenario. By the end of the simulations, more embryos survive
in the disks in the PC than in the SC scenario. The number of
embryos converges to 5−40 in the PC simulations in both cold
and hot disks. For the two largest initial disk sizes, the number of
embryos is not yet fully saturated, as the timescale required for
the perfect saturation is longer than the simulation time. Since
the total embryo mass reached its maximum in all simulations,
from that point on, any decay in the number of embryos can only
result from embryos being ejected from the system.

The number of satellitesimals decreases for the same reason
as the number of embryos. Since no collisions occur after 5×106

orbits, the number of satellitesimals only decreases due to ejec-
tion from the disks. The final number of satellitesimals is less
than 300 in both cold and hot SC simulations. The mass of each
satellitesimal is assumed to be unchanged, therefore their total
mass is directly proportional to their number. The number of sur-
viving satellitesimals increases with the distance from the star. 3
out of 10 apl=1 au simulations show no surviving satellitesimals,
whereas in apl=5 au, at least 180 survive in all 10 simulations.
In the PC scenario, the number of satellitesimals converges to
60−450 in both cold and hot disks. We find that a significantly
larger number of satellitesimals remain in the disks in the PC
scenario than in the SC scenario. This can be explained by the
same critical eccentricities required for ejection as for the em-
bryos. As a general conclusion, the effect of the star can acceler-
ate the drop of the number of embryos and satellitesimals in the
SC scenario.

By the end of the SC simulations, the mass of the disk de-
creases by 30−40%, approximately 20% is accreted by the star
and the planet, 10−20% is ejected from the system, and 1−5%
remains outside the disk within the stellar-dominated field for a
relatively long time. The total mass of bodies orbiting the star
is proportional to the stellar distance of the former host planet,
and the total mass of bodies ejected from the system is inversely
proportional to that distance. By the end of the PC simulations,
however, more than 90% of the initial disk mass remains in the
disks, as there is no perturbing star to steal bodies from the disks.
Moreover, a significant planetary accretion occurs, which is re-
sponsible for nearly a 10% reduction of the disk mass. The bod-
ies ejected beyond the integration limit represent only a negligi-
ble amount of mass.
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4.2. The resulting moons

The surviving embryos in the disks are considered to be moons.
First, we investigate the cold disk simulations. Panel A of Fig. 5
shows the average number of moons in the disks as a function
of disk size. It can be seen that the average number of moons
increases with disk size (thus, with stellar distance in the SC sce-
nario). In the Mpl = 10 MJ SC simulations, the average number
of moons is 2.7 and 22.6 for 1 and 5 au stellar distances (from the
average of 10 simulations), respectively. In the PC simulations,
the average number of moons is 6.9 and 35 for the smallest and
largest disks, respectively. This can be explained again by the
stellar stealing effect in the SC cases. One can see that the aver-
age number of moons does not depend on the mass of the host
planet for Mpl =2, 5 and 10 MJ SC simulations.

The average individual moon mass decreases with increas-
ing disk size in each scenario, as shown in panel B of Fig. 5. The
average individual masses are 0.46 M⊕ and 0.07 M⊕ at 1 and
5 au in Mpl = 10 MJ SC simulations, respectively. In the PC
scenario, the average masses are 0.27 M⊕ and 0.04 M⊕ at 1 and
5 au, respectively. We find that the individual moon masses are
∼2.2 times larger in the SC than in the PC scenario. This can
be explained by the stellar perturbation of the disks and the em-
bryo theft in the SC cases. Since there can be found, on average,
∼3 times fewer surviving moons in the SC than in the PC sim-
ulations, while the total moon mass is ∼1.2 times larger in the
SC scenario than in the PC scenario. We note that the average
masses of the most massive moons are 0.74 M⊕ and 0.41 M⊕ in
the 1 and 5 au SC simulations, respectively. Very similar to the
SC values, 0.74 M⊕ and 0.43 M⊕ are found in the PC scenario.

One can see in panel B of Fig. 5 that the average individual
moon mass increases with the mass of the host planet for each
disk size. This phenomenon occurs due to the initial mass of the
disks is scaled by the mass of the planet. Therefore, although the
average number of moons is nearly the same in the SC simula-
tions for disks of a given size, the average individual mass of
the moons formed in lower-mass disks is smaller than in higher-
mass disks.

Panel C of Fig. 5 shows the average eccentricity of the
moons’ orbits as a function of disk size. In general, there is
no clear correlation between the average eccentricity and disk
size. The average eccentricities are higher in the PC simulations
(⟨e⟩moon = 0.31) than in the SC simulations (⟨e⟩moon = 0.19) for
Mpl = 10 MJ. This can be explained by that higher-eccentric
embryos can survive in the disk in the PC scenario. In the
Mpl = 2 MJ and 5 MJ simulations, the average moon eccen-
tricities are 0.14 and 0.15, respectively. This is because of the
fact that disks around lower-mass planets initially have lower-
mass embryos, which generate less eccentricity excitation in the
disks3. We emphasize that the hot disk simulations give the same
results as the cold ones within the standard deviation for the av-
erage number of moons, the average individual moon mass, and
the average eccentricity of moons.

4.3. Habitability of the resulting moons

We calculated the habitability of the resulting moons applying
our semi-analytical method. We used the physical parameters
and orbital elements of the resulting moons from the simulations
to calculate the total heat flux reaching the surface of the moons.
Based on the amount of incoming heat, we classified the moons

3 Confirmed with supplementary simulations using the parameters of
the fiducial model, but with lower-mass embryos and satellitesimals.

1 au 2 au 3 au 5 au

Fig. 5. Properties of the formed moons as a function of the size of
the circumplanetary disks. Panel A shows the average number, panel B
shows the average individual mass, and panel C shows the average ec-
centricity of the moons. Solid and dotted lines display the SC and the
PC simulations, respectively. Black and gray lines are the simulations
with cold and hot disks around Mpl = 10 MJ host planets. Vertical er-
ror bars indicate the standard deviation from the average values, which
come from 10 simulations for each disk size. Red and orange lines dis-
play simulations with Mpl = 2 MJ and 5 MJ host planets, respectively.
The colors of the shading indicate the same stellar distances as in Fig. 3.

into four categories: habitable, too hot for habitability, too cold
for habitability, and too small for being habitable. A moon with
a mass of M > 1 MMars is considered habitable if total heat flux
on the moon is between the recent Venus and the early Mars flux
limits. A moon with a mass smaller than 1 MMars is not con-
sidered be able to maintain a sufficiently large atmosphere for
hundreds of millions of years, which is essential for the pres-
ence of liquid water on the surface. We note that Lammer et al.
(2014) suggest 2.5 MMars for the minimum moon mass in the
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CSHZ of a Solar analog star due to the strong stellar activity
that can erode the atmosphere of a low-mass moon. Although,
at larger distances from the star (e.g., the distance of Mars), the
impact of stellar activity on the atmosphere is weaker, thus, even
a lower-mass moon can retain a sufficiently massive atmosphere.

Table B.1 shows the number, the average mass, and the av-
erage eccentricity of the resulting moons of the fiducial model,
separately for each habitability category. The average flux ratio
of the tidal heating and stellar irradiation (⟨Ftidal/Fstellar⟩) on the
surface of the moons is also displayed. To provide a generic in-
sight about the conditions that may result in habitable moons,
the results of all moon formation simulations are shown together
in each category. This helps in identifying some trends. Figure 6
shows the habitability of the moons as functions of the eccentric-
ities and the semi-major axes from all simulations4. A horizontal
dotted line displays the e = 0.1 eccentricity limit of moon orbits
in each panel. Above this limit, we can estimate the global heat
flux on the moons only with a relatively large uncertainty due to
the characteristics of the viscoelastic model used for our calcu-
lations (see Dobos et al. 2017 for more details).

More than half of the resulting moons are too hot to be
habitable around a planet orbiting at 1 au stellar distance as
can be seen in panels A and B of Fig. 6. Moons orbiting closer
than 0.11 RHill,pl to the planet are too hot due to their close
proximity and relatively high eccentricity. Table B.1 shows that
⟨Ftidal/Fstellar⟩ ∼ 1 for too hot moons, which means that the
tidal heating has the same significance as the stellar irradia-
tion. However, we can find habitable moons between 0.12 and
0.33×RHill,pl with relatively low eccentricities. At this distance
from the planet, the effect of tidal heating is negligible. The av-
erage mass of the habitable moons is 0.52 M⊕ and 0.39 M⊕ in
cold and hot disks, respectively.

Panels C and D of Fig. 6 show the apl=2 au simulations.
There are no moons formed in the too hot category in the cold
disk simulations. However, in the hot disks, we can find a few
cases. In both cold and hot disks, more than half of the moons
are the too cold to be habitable. The average masses of habit-
able moons are found to be 0.48 M⊕ and 0.45 M⊕ in cold and
in hot disks, respectively. Compared to the apl=1 au cases, the
distance from the planet, where the habitable moons formed, is
about 50% shorter for apl=2 au cases. Here, ⟨Ftidal/Fstellar⟩ ∼ 1.3
for both cold and hot disks, meaning that tidal heating has be-
come the dominant heat factor for the habitability of the moons.

In the 3 au simulations, the most populated category is the
moons with M < 1 MMars (see panels E and F of Fig. 6). A total
of 7 and 5 habitable moons formed in the cold and in the hot
disks, respectively, with average masses of 0.34 M⊕ and 0.3 M⊕.
Here, the range in which habitable moons formed is very narrow.
The significance of tidal heating is more than four times that of
stellar irradiation concerning the habitability of moons. At 3 au
stellar distance, there is only a small number of moons classified
as too hot for habitability.

Panels G and H of Fig. 6 show the apl=5 au simulations.
There are an order of magnitude more moons with M < 1 MMars
mass at apl=5 au than at the other stellar distances. Larger mass
moons are concentrated closer to the host planet. We find that
most of these higher-mass moons are too cold to be habitable.
Only a few habitable moons formed at 5 au stellar distance. Here,
tidal heating flux contributes to the heating of habitable moons

4 For better visualization, 2 − 8 high-eccentric moons are missing from
panels E, F, G, and H of Fig. 6. These are too small in mass to be hab-
itable. However, all data points are included in the statistics, see Ta-
ble B.1.

about 10 times more than stellar irradiation. The possibility of
that a moon orbits within the narrow range where tidal heating is
sufficient for habitability is very low. Therefore, we identify the
less number of habitable moons in this case. The average masses
of the habitable moons are 0.3 M⊕ and 0.28 M⊕ in the cold and
hot disks, respectively.

A general trend can be observed in the habitability of moons
around 10 MJ planets: as the distance from the star increases,
moons orbiting closer to the planet become habitable. This is
because the stellar irradiation decreases with increasing distance
from the star. The significance of tidal heating in the total heat
flux on the habitable moons is proportional to the stellar dis-
tance. Another trend is that the number of M < 1 MMars moons
is proportional to the stellar distance. This can be explained by
the dynamics of moon formation. We also note that for 2 MJ
and 5 MJ planets, the average individual moon mass is smaller
on average than for a 10 MJ planet, thus, the number of moons
that too small to be habitable is larger for smaller mass plan-
ets. Moreover, the average eccentricities are relatively lower for
smaller planetary mass, reducing the effect of tidal heating.

As result of tidal evolution, the eccentricity of moons de-
creases in time. Based on the Constant Phase Lag model of Yo-
der & Peale (1981), the timescale of eccentricity decay is on the
order of 1016 years for the habitable moons in Fig 6. We used the
following equation for the estimation

τe =
4

63
M

Mpl

( a
R

)5 µsQ
n
, (2)

assuming µs = 60 GPa and Q = 370 parameters which are
widely used values based on Earth’s average composition (see,
e.g., Ji et al. 2010; Ferraz-Mello 2013).

We conclude that, in the Solar analog system, habitable
moons are most commonly found in the apl=1 and 2 au simu-
lations, regardless of whether the moons formed in a cold or in
a hot CP disk. At larger distances from the star, the tidal heat-
ing become the dominant heat source for the habitability of the
moons. Due to tidal heating, habitable moons can form at larger
stellar distances than the outer boundary of the classical CSHZ.

4.4. Habitability of exomoons in known systems

Using the 461 known exoplanets from the exoplanets.org
database presented in Sect. 2.2, we selected the giant planets that
most closely resemble the models calculated in our N-body sim-
ulations. We selected planets with mass 2 MJ < Mpl < 10 MJ,
semi-major axis 1 au < Mpl < 5 au, eccentricity 0 < epl < 0.1,
and host star luminosity 0.1 L⊙ < Lstar < 10.0 L⊙. We found
that 9 of these planets can host a habitable moon which mass
is assumed to be 1 M⊕. Table 1 shows the parameters of these
planetary systems.

For planets orbiting beyond the outer edge of the CSHZ, tidal
heating provides the habitability for the putative moon. We note
that in systems with multiple planets, their gravitational interac-
tions may destabilize the putative planet-moon system. We em-
phasize that our calculations assume a 1 M⊕ moon.

We also investigated the habitability of 12 exomoon candi-
dates. Table 2 presents the candidates, the reason why they are
not habitable, and the reference for the parameters. The eccen-
tricity of the exomoon orbits is not available in most cases, thus,
we used an estimated eccentricity of e = 0.05 and a density of
3 g cm−3 for all exomoons. We found that the candidates are too
hot to be habitable, because they are too small (Io analogs) or
orbiting too close to the host planet.
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Fig. 6. Habitability of the moons formed in the disk of the 10 MJ planets. Each panel shows the eccentricity as a function of the semi-major axis of
the moon orbits in units of the planet’s Hill radius. Left and right panels show the moons in dynamically cold and hot disks, respectively. Panels A,
B show 1 au, panels C, D show 2 au, panels E, F show 3 au, and panels G, H show 5 au planetary orbit simulations. Habitable moons are indicated
with green dots. Uninhabitable moons are classified into too hot (red dots), too cold (blue dots), and too small mass (black dots) categories. The
size of the dots is proportional to the mass of the moons to the power of 1/3th. In each panel, the horizontal dotted line shows the e = 0.1 upper
eccentricity limit above that the confidence of the habitability calculations becomes less reliable.

4.5. Caveats of the model and future investigations

Here, we address the important caveats of our model and possi-
ble directions for future studies. In our simulations, we applied
perfectly inelastic collisions and neglected the effect of fragmen-
tation. Chambers (2013) showed that the final mass of the pro-
toplanets does not change significantly when fragmentation is
neglected and the collisions are inelastic. This means a good ap-
proximation for the runaway growth phase. However, according
to Haghighipour & Maindl (2022), fragmentation must be con-

sidered in the oligarchic growth model. Therefore, a future study
is needed to investigate the effect of the inelastic collisions, as
suggested by the model of Leinhardt & Stewart (2012).

We applied the simplification that the embryos and satellites-
imals have a uniform density, but the average density of the plan-
etary or satellite seeds generally decreases with the increasing
distance from the star due to the increasing mass fraction of ice
in the composition (see, e.g., Ronnet et al. 2017). A more sophis-
ticated model with distance-dependent densities should serve as
the basis for a future study.
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Table 1. Known exoplanets that are similar to that of in our model and
can host a habitable assumed 1 M⊕ moon.

Planet’s Spec. type of Nr. of CSHZ Planet

name the star planets relation confirmation ref.

HD 37605 c G 2 beyond Wang et al. (2012)

HD 290327 b G 1 beyond Naef et al. (2010)

HD 28185 b G 2 inside Minniti et al. (2009)

47 UMa b G 3 beyond Gregory & Fischer (2010)

HD 24040 b G 2 beyond Boisse et al. (2012)

HD 221287 b F 1 inside Naef et al. (2007)

HD 10697 b G 1 inside Wittenmyer et al. (2009)

HD 159868 b G 2 inside Wittenmyer et al. (2012)

HD 1605 c K 2 inside Harakawa et al. (2015)

Table 2. Habitability of the exomoon candidates.

Host planet’s name Habitability Reference

HD 189733 b too smalla Oza et al. (2019)

KOI-268.01 too hot Fox & Wiegert (2021)

KOI-303.01 too hot Fox & Wiegert (2021)

KOI-1302.01 too hot Fox & Wiegert (2021)

KOI-1925.01 too hot Fox & Wiegert (2021)

KOI-1472.01 too hot Fox & Wiegert (2021)

KOI-1888.01 too hot Fox & Wiegert (2021)

KOI-2728.01 too hot Fox & Wiegert (2021)

KOI-3220.01 too hot Fox & Wiegert (2021)

WASP-49 b too smalla Oza et al. (2019)

WASP-76 b too smalla Gebek & Oza (2020)

WASP-121 b too smalla Gebek & Oza (2020)

aIo analogs

We note that the escape of moons from a circumplanetary
disk might be important for the evolution of a planetary system.
We found that even 1/3 M⊕ moons can move from the disk to
circumstellar orbits. Sucerquia et al. (2019) call ploonets the cir-
cumstellar objects that originate from a protosatellite disk. The
orbital evolution of ploonets can be influenced by the perturba-
tions of the parent giant planet. Several paper address this phe-
nomenon (e.g., Namouni 2010; Yang et al. 2016), however, the
investigation of the long-term evolution of ploonets is beyond
the scope of our study.

Our investigation is limited to a Solar analog star. For differ-
ent stellar luminosities, the limits of the circumstellar as well as
circumplanetary habitable zones would show a various picture.
Moreover, the planetary Hill sphere decreases with the increas-
ing stellar mass, making stellar stealing more effective.

The formation of irregular moons also not covered here. As
we see by the Solar System moons, they are captured by giant
planets that orbit at larger distances than 5 au from the Sun (see,
e.g., Phoebe, Himalia). These moons orbit too far from their
planet for tidal heating to be sufficient and are also too small-
mass for habitability.

5. Conclusions

In our study, we investigated the efficiency of moon formation
during the final assembly phase in the circumplanetary habitable
zone. We aimed to determine the conditions required for the hab-
itability of moons. We used numerical N-body simulations with

the GPU-based integrator, HIPERION, to compute the gravita-
tional forces between star, planet and circumplanetary bodies.
In our fiducial simulations, fully interacting moon embryos and
satellitesimals were placed in a disk around a 10 Jupiter-mass
planet. The semi-major axis of the giant planet’s orbit was set
to 1, 2, 3, and 5 au from a Solar analog central star. The mass
of the circumplanetary disk is set up based on the canonical
10−4 satellites-to-planet mass ratio. The size of the disks in-
creases with the stellar distance with a constant disk mass. To
study the effect of the star on the moon formation, we also per-
formed simulations without the central star. We used dynami-
cally cold and hot disks in term of average eccentricities and
inclinations. For statistical analysis we ran 10 simulations for
each model, where the initial angular positions were distributed
differently. In additional setup, we ran single models for 2
and 5 Jupiter-mass planets. In the simulations, embryo−embryo
and embryo−satellitesimal collisions (perfectly inelastic) are al-
lowed, leading to the formation of moons. Using a semi-analytic
code, we determined the habitability of the resulting moons after
about 7×104 years. We calculated the heat flux on the surface of
the moons originating from stellar irradiation, tidal interactions
between the planet and the given moon, reflected light from the
planet, and thermal emission of the planet. We also applied our
code to determine the habitability of 12 exomoon candidates.

In the moon formation simulations, we found that about
30−40% of the initial disk mass escapes from the circumplan-
etary disk due to the perturbations of the higher-mass embryos.
Some of the embryos and satellitesimals can move beyond the
outer edge of region of stable satellite orbits. Beyond the plan-
etary Hill sphere, the embryos and satellitesimals are under the
influence of the central star. Our main findings regarding the ef-
ficiency of the moon formation can be summarized as follows.

(i) The number of surviving moons and the growth rate of
the moon embryos depend on the surface density (thus, the
size) of the protosatellite disk during the collision regime.
Larger surface densities result in larger mass moons and
lower numbers of the surviving moons. The number of the
resulting moons increases with the stellar distance, how-
ever, their individual mass decreases.

(ii) Stellar theft imposes an upper limit on the mass and the
number of moons. In fact, the efficiency of the moon for-
mation is significantly influenced by the central star.

(iii) Due to these two factors, the highest moon formation ef-
ficiency is observed for the planet orbiting at 2 au stellar
distance.

With regard to the habitability of the resulting moons, our
main findings are the followings.

(i) Moons beyond 1 au can become habitable only because of
the tidal heating. At these stellar distances, the flux of tidal
heating overcomes the stellar irradiation on the moons.

(ii) The number of the habitable moons dramatically decreases
with the distance from the star beyond 2 au. At 3 au and
5 au stellar distances, the circumplanetary habitable zone
is extremely narrow. The optimal distance for habitability
is between 1−2 au stellar distances.

(iii) Although the number of moons increases with the stellar
distance, the mass of these moons is too small (lighter than
1 Mars-mass), therefore they are not habitable.

We examined the habitability of putative Earth analog moons
around 461 known giant exoplanets, selected by their mass. We
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found that about a quarter of these planets could have habit-
able environments if the habitability region is extended to the
circumplanetary habitable zone. Among these giant exoplanets,
we found 9 cases (Table 1) where the planet and its host star
have similar properties to our model, and a 1 Earth-mass putative
moon can be habitable around the planet. Moreover, we investi-
gated the habitability of 12 exomoon candidates (Table 2). How-
ever, none of these exomoons found to be habitable, because they
are too small or too hot to be habitable. Our simulations show
that moons with masses between Mars and Earth could form
around planets with masses about 10 times that of Jupiter, and
many of these moons could be potentially habitable at 1−2 au
stellar distances. These findings suggest that it is worth investi-
gating not only rocky planets but also gas giants for Earth-like
habitable environments. These locations provide suitable targets
for the discovery of habitable exomoons or exomoons in gen-
eral. Space telescopes offer a new opportunity for this search.
From 2025, the James Webb Space Telescope (Cycle 3) will ob-
serve exoplanetary systems with exomoon candidates based on
the approved proposals, for example, Cassese et al. (2024); Pass
et al. (2024). The PLATO mission could provide new results for
exomoon research as well after its expected launch in 2026.
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Appendix A: Demonstration of the change in the
distributions of embryos and satellitesimals

To demonstrate the changes in the number and distribution of
embryos and satellitesimals during the simulations, we provide
Fig. A.1 that shows the face-on view of circumplanetary disks
at four different stellar distances in the fiducial model. The top
and bottom panels display the initial and final distributions of
embryos and satellitesimals, respectively.

Appendix B: Habitability classification of the
resulting moons

We provide Table B.1 to show the important properties of the
resulting moons from the apl=1, 2, 3, and 5 au, Mpl = 10 MJ
N-body simulations with dynamically cold and hot circumplan-
etary disks. Moons are divided into four categories based on the
habitability calculations: too hot, habitable, too cold, and too
small. The number, the average mass, and the average eccen-
tricity of the moons are displayed in Table B.1. The flux ratio
of the tidal heating and stellar irradiation on the surface of the
moons is given for each category. The averaged results of all
moon formation simulations of the fiducial model are shown in
each category.
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Fig. A.1. The distribution of the moon embryos (blue dots) and satellitesimals (gray dots) at the start (top panels) and the end (bottom panels)
of the simulations in the face-on view of the protosatellite disks. Panels A, B, C, and D display the apl =1, 2, 3, and 5 au simulations. Orange
dots correspond to the positions of the host planet. Brown and red circles indicate the initial inner and outer boundaries of the disks, respectively.
Dashed red circle is the Domingos et al. (2006) suggested 0.4895×Hill sphere’s outer edge. The time elapsed since the start of the simulations is
shown at the bottom of each panel as a number of orbits at the inner edge of the circumplanetary disk, as well as, the orbit number of the host
planet.

Table B.1. Classification of the resulting moons based on the habitability calculations.

Cold disk Hot disk
Too hot Habitable Too cold Too small Too hot Habitable Too cold Too small

Distance to the star: 1 au
Number 16 8 0 3 14 10 0 4
⟨M⟩ (M⊕) 0.426 0.518 · · · 0.034 0.456 0.392 · · · 0.072
⟨e⟩ 0.163 0.108 · · · 0.13 0.16 0.073 · · · 0.154

⟨Ftidal/Fstellar⟩ 1.072 0.034 · · · · · · 0.898 0.03 · · · · · ·

Distance to the star: 2 au
Number 0 10 12 5 5 10 13 8
⟨M⟩ (M⊕) · · · 0.48 0.352 0.07 0.353 0.449 0.356 0.038
⟨e⟩ · · · 0.086 0.111 0.151 0.296 0.172 0.21 0.231

⟨Ftidal/Fstellar⟩ · · · 1.291 0.05 · · · 7.414 1.328 0.071 · · ·

Distance to the star: 3 au
Number 3 7 21 52 1 5 29 32
⟨M⟩ (M⊕) 0.393 0.335 0.301 0.03 0.308 0.297 0.3 0.033
⟨e⟩ 0.26 0.128 0.137 0.332 0.361 0.097 0.126 0.257

⟨Ftidal/Fstellar⟩ 10.188 4.421 0.369 · · · 12.664 4.516 0.481 · · ·

Distance to the star: 5 au
Number 1 3 31 191 0 3 28 204
⟨M⟩ (M⊕) 0.258 0.303 0.28 0.018 · · · 0.284 0.274 0.019
⟨e⟩ 0.303 0.122 0.079 0.287 · · · 0.127 0.063 0.29

⟨Ftidal/Fstellar⟩ 36.779 9.58 1.408 · · · · · · 11.175 1.172 · · ·
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