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world. If other exomoons orbit Kepler-1625b, then there are a range of possible semi-major
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Introduction

Almost since the first detection of extrasolar planets (exoplanets, Mayor and Queloz 1995),
extrasolar moons (exomoons) have been the subject of intense scientific inquiry. In the
Solar System, moons act as tracers of planet formation and evolution. In some cases, moons
such as Europa, Enceladus and Ganymede may even host subsurface habitats (Melosh et al.
2004; Iess et al. 2014; Thomas et al. 2015; Saur et al. 2015). It is quite possibly the case
that subsurface-habitable moons could greatly outnumber habitable planets in the Milky
Way (Scharf 2006; Heller and Pudritz 2015). It is also quite possibly the case that exomoons
are massive enough to host a substantial atmosphere like the Earth, and possess a similar
biosphere.

Earth-like exomoons have been thought to be unlikely based on Solar System evidence. The
moons of the giant planets possess a satellite-to-planet mass ratio € 5 10™*, which is consistent
with models of moon formation in a circumplanetary disc (Mosqueira and Estrada 2003a,b;
Ward and Canup 2010; Canup and Ward 2006). For a Jupiter-mass planet to host an
Earth-like exomoon, this would require € ~ 3 x 107>, i.e. at least an order of magnitude higher.

Recently, Teachey et al. (2017) described evidence pointing to a candidate exomoon in orbit
of the Jupiter-sized transiting exoplanet Kepler-1625b. The host star, Kepler-1625, is G type, of
approximately one solar mass and has recently evolved off the main sequence (Berger et al.
2018).

The exomoon candidate was observed in three transits of Kepler-1625b over the 4-year pri-
mary mission of the Kepler Space Telescope, out of a maximum of five transits (the orbital
period of Kepler-1625b being 287 days). Transit T2 appears to indicate the satellite performing
an early ingress of the transit, with T4 showing the satellite in late egress. Interestingly, T5
shows both early ingress and late egress, where the moon lags some 10 h behind the planet
in exiting the stellar disc.

Amongst other measurements, this gave initial constraints on not only the projected sep-
aration of the two bodies, but also the orbital period of the moon - around Py;~72 h, and a
separation of around 19 planetary radii (Rp). Hence by Kepler’s third law, the barycentric mass
for the planet moon component was derived to be around 17.6115 Mjyp.

The mass for Kepler-1625b was not well-constrained, and hence the exomoon candidate
(Kepler-1625b-i) also has a poorly constrained mass." Teachey et al. (2017) suggested that
the planet is 10 My, with the moon being around 17 Mg, giving € =5.34 x 107>, Heller
(2017) notes that the barycentric mass could be shared differently than Teachey et al
(2017)’s description. Indeed, Kepler-1625b may be a brown dwarf or a low mass star, and

© Cambridge University Press 2019 the exomoon candidate mass would be closer to 1Mg;.

Subsequent observation with the Hubble Space Telescope (HST) found further evidence in
favour of the exomoon’s presence (Teachey and Kipping 2018), favouring the 10Mj,,, planet,
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Neptune-mass exomoon interpretation. However, this inference is
now dominated by the single HST observation, and the authors
advocate further monitoring to confirm the moon-like signal.

In any case, if this candidate is confirmed by subsequent
observations, this would indicate that satellite systems with € ~
107 can indeed exist, and that massive exomoons with
Earth-like properties are indeed possible.

Massive exomoons raise the stakes for habitability even fur-
ther. One-dimensional (1D) climate modelling of Earth-like exo-
moons in the orbit of giant planets around Sun-like stars show
that the habitable zone for such objects occupies a significant vol-
ume of orbital parameter space (Forgan and Kipping 2013; Heller
and Barnes 2013). This parameter space is generally larger in vol-
ume than that of Earth-like exoplanets due to the additional
sources and sinks of radiation.

Planetary illumination allows the habitable zone to move fur-
ther away from the host star, especially if the planet is sufficiently
large that it is significantly self-luminous in thermal radiation
(Heller and Barnes 2013). Typically, the thermal flux dominates
over reflected starlight, suggesting a slowly varying illumination,
but it is worth noting that moons on eccentric orbits will still
experience strong variations in illumination (Hinkel and Kane
2013).

On the other hand, moons orbiting close to their host planet
are more likely to experience relatively long eclipses of the star
by the planet, which can result in a net loss of radiation (Heller
2012). While the loss from a single eclipse can usually be buffered
by the thermal inertia of an Earth-like atmosphere, if the eclipses
are frequent and sufficiently long in duration, moons can enter a
snowball state which they cannot exit even after leaving the eclipse
(Forgan and Yotov 2014).

Tidal heating can allow the moon’s habitability to be almost
independent of the star, but by the same token can be strong
enough to render the moon uninhabitable. The complex nature
of tidal heating demands careful modelling of the tidal force, its
resultant deformation of the moon’s interior, and the release of
this stress as heat (Dobos and Turner 2015; Forgan and Dobos
2016).

In this letter, we compute the habitable zone for Earth-like
exomoons orbiting Kepler-1625b assuming Teachey and
Kipping (2018)’s derived parameters, and our exomoon climate
models (Forgan and Kipping 2013; Forgan and Yotov 2014;
Forgan and Dobos 2016). We briefly describe the three ver-
sions of the climate model used to compute exomoon habitabil-
ity in section ‘Methods’, discuss the resulting habitable zones
in section ‘Results and Discussion’, and conclude in section
‘Conclusions’.

Methods
Simulation setup

We fix the stellar and planetary parameters, in accordance
with Teachey and Kipping (2018) as follows. The star mass
M, = 1.04M. The planet’s mass M, = 10Mj,,, and has radius
R, =1.015 Ryyp,. The planet’s orbital semi-major axis and eccentri-
city are also fixed at a, =0.98 and e, = 0, respectively. This fixes
the planet’s Hill radius

Mp 1/3

*
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We assume that the moon is Earth-like (M, = 1Mg,
Rs = 1Rg). We further assume that the planet resides at the bary-
centre of the moon-planet system, which is satisfactory given that
€ < 1. The inclination of the planet relative to the stellar equator,
i, =0 (ie. the planet orbits in the x—y plane).

The inclination of the moon relative to the planet’s equator, i.e.
the inclination of the moon relative to the x—y plane, iy, is also
zero (unless otherwise stated). The orbital longitudes of the planet
and moon are defined such that ¢;, = ¢, =0 corresponds to the
x-axis. We also assume that the moon’s obliquity has been effi-
ciently damped by tidal evolution, and we therefore set it to zero.

We allow the moon’s semi-major axis and eccentricity (a,, and
em» respectively) to vary. For each model, we run 500 simulations,
where the lunar semi-major axis takes a range of values: a,, =
(0.05, 0.3) Ry, and eccentricities range from ey, =(0, 0.08).
Note that the exomoon candidate Kepler-1625b-i has an esti-
mated orbital separation of a,,; =0.153 Ryyp.

Latitudinal energy balance modelling

We compute the habitability of Earth-like exomoons using the
Latitudinal Energy Balance Model (LEBM) approach (North
and Coakley 1979; North et al. 1983).

The core equation of the LEBM is a diffusion equation, solved
over latitude A € (—90°, 90°). In practice, we solve the equation
using the convenience variable x =sin A:

oT 0
ot  Ix

oT
C—-—(M1—ﬁh§>=6+SQU—AHN+{—HD,(m

where T'=T(x, t) is the temperature at time #, and the boundary
condition dT/dx =0 at the poles.

C is the atmospheric heat capacity, the diffusion coefficient D
controls latitudinal heat redistribution, S and S, are the stellar and
planetary illumination, respectively, { is the surface heating gener-
ated by tides in the moon’s interior, I is the atmospheric infrared
cooling and A is the albedo.

We produce five measures of the habitable zone, using three
different versions of the climate model, as described in Table 1.
Essentially, these represent increasing realism for the energy bal-
ance model, as we add in the effect of planetary illumination, and
the carbonate-silicate cycle. They also consider the current lumi-
nosity of Kepler-1625 as it evolves off the main sequence, as well
as its previous luminosity while on the main sequence.

The control runs (CN).
In the first set of three-model runs (corresponding to the model
used in Forgan and Kipping (2013)), we use the following
prescriptions.

The atmospheric heat capacity C depends on what fraction of
the moon’s surface is ocean, focean = 0.7, what fraction is land fi,nq
=1.0 — focean> and what fraction of the ocean is frozen f.:

C :ﬁandcland +focean [(1 _fice)cocean +fice Cice]- (3)
The heat capacities of land, ocean and ice-covered areas are

Cland = 5.25 X 109erg cm2K7!, 4)

Cocean = 40.0Cng, (5)
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Table 1. The three-model runs in this paper
Run name Infrared cooling (/) Planetary illumination? Carbonate-silicate cycle? im (°) L
CNO Equation (18) No No 0 1.16
CN45 Equation (18) No No 45 1.16
CNL Equation (18) No No 0 2.68
IL Equation (18) Yes No 0 1.16
(& Equation (26) Yes Yes 0 1.16
9.2Cua 263K < T < 273K luminosity relation. Z is the zenith angle:
Cice = { 2Ciand T < 263K . (6) M
0.0 T > 273K. go = 1.36 x 10° (M—*) ergs™ ! cm™? (10)
o

These parameters assume a wind-mixed ocean layer of 50m
(Williams and Kasting 1997). Increasing the assumed depth of
this layer would increase Cocean (see e.g. North et al. (1983) for
details). The albedo function is

)

T — 268K
A(T) = 0.525 — 0.245 tanh[T}

This produces a rapid shift from low albedo (~0.3) to high albedo
(~0.75) as the temperature drops below the freezing point of
water, producing highly reflective ice sheets. Figure 1 of Spiegel
et al. (2008) demonstrates how this shift in albedo affects the
potential for global energy balance, and that for planets in circular
orbits, two stable climate solutions arise, one ice-free, and one ice-
covered. Spiegel et al also show that such a function is sufficient to
reproduce the annual mean latitudinal temperature distribution
on the Earth.

The diffusion constant D is calibrated such that a fiducial
Earth-Sun climate system reproduces Earth’s observed latitudinal
temperature (see e.g. North et al. (1981); Spiegel et al. (2008)).
Planets that rotate rapidly experience inhibited latitudinal heat
transport, due to Coriolis forces truncating the effects of Hadley
circulation (cf Farrell (1990); Williams and Kasting (1997)). The
partial pressure of CO, also plays a role. We follow Williams
and Kasting (1997) by scaling D according to:

-2
P
D = 5.394 x 10 <&> <&> (8)
W4, Pco,.0

where @q is the rotational angular velocity of the planet, and wq g
is the rotational angular velocity of the Earth, and
Pco,. = 3.3 x 107*bar. In this run, the partial pressure of
C02 is fixed: Pcoz = PCOZ,@-

The stellar insolation flux S is a function of both season and
latitude. At any instant, the bolometric flux received at a given
latitude at an orbital distance r is

M\* 1AU\’
S=1q (—) cos Z(—) , )
M@ r

where ¢ is the bolometric flux received from a 1M star at a dis-
tance of 1 AU, and we have assumed a standard main sequence
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cosZ = = sin A sin 6 4 cos A cos 8 cos h. (11)
¢ is the solar declination, and / is the solar hour angle. As stated
previously, we set the moon’s obliquity dy to zero. The solar dec-
lination is calculated as:

sin & = —sin 60 COS(([)*m - d)peri,m - d)a)» (12)
where ¢, is the current orbital longitude of the moon relative to
the star, @perim is the longitude of periastron, and ¢, is the longi-
tude of winter solstice, relative to the longitude of periastron. We
8et Pperi,m = @ = 0 for simplicity.

We must diurnally average the solar flux:
This means we must first integrate u over the sunlit part of the day,
i.e. h=[—H, +H], where H is the radian half-day length at a given
latitude. Multiplying by the factor H/x (as H =z if a latitude is illu-
minated for a full rotation) gives the total diurnal insolation as

H
S=q()(—)ﬁ=@(Hsin/\sinﬁ—i-cos)\cosﬁsinH). (14)
T T

The radian half day length is calculated as

cos H = —tan A tan 6. (15)
We allow for eclipses of the moon by the planet (where the inso-
lation S=0). We detect an eclipse by computing the angle o
between the vector connecting the moon and planet, s, and the vec-
tor connecting the moon and the star s,:

COS @@ = §.§,. (16)
It is straightforward to show that an eclipse is in progress if
|s]sina < Ry. (17)

We do not model the eclipse ingress and egress, and instead simply
set S to zero at any point during an eclipse. A typical eclipse dur-
ation in these runs is approximately 6h (for an exomoon in a cir-
cular orbit around Kepler-1625b at a,, =0.1 Ry). Our simulation
timestep includes a condition to ensure that any eclipse must be
resolved by at least ten simulation timesteps.
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Fig. 1. The habitable zone for exomoons orbiting Kepler-1625b, for the three control
model runs CN. Top: The habitable zone for i, = 0°, assuming stellar luminosity con-
sistent with the main sequence (CNO). Middle: The same, but for iy, =45° (CN45).
Bottom: The habitable zone for i,,, = 0, using estimates of Kepler-1625b’s current lumi-
nosity, rather than that derived from main sequence relations (CNL). Note that the
candidate exomoon Kepler-1625b-i orbits at 0.153 Hill radii. If Kepler-1625b-i exists,
then any other exomoon orbiting with a,, <0.17 Hill radii is likely to be dynamically
unstable.
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We use the following infrared cooling function:
JsB T4
I(T=—F"""— 18
( ) 1+ 0757’]R(T) ’ ( )
where the optical depth of the atmosphere
T \?
T)=079—=—=) - 19
mir(T) <273 K) (19)

Tidal heating is calculated by assuming the tidal heating per unit
area is (Peale et al. 1980; Scharf 2006):

5/2
dEy 21 PLRS e (M,
dtJaa 38 TQ \ay )

where I' is the moon’s elastic rigidity (which we assume to be
uniform throughout the body), Ry, is the moon’s radius, py, is the
moon’s density, M, is the planet mass, a,, and e, are the moon’s
orbital semi-major axis and eccentricity (relative to the planet), and
Q is the moon’s tidal dissipation parameter. We assume terrestrial
values for these parameters, hence Q=100, I'=10"" dyne cm >
(appropriate for silicate rock) and p,, =5 g cm™.

We assume that this heating occurs uniformly across the
moon’s surface, which is a large approximation but a necessity
of 1D LEBM models.

The planetary illumination S, is set to zero for all three con-
trol runs. Two of our three runs consider the habitable zone for
i =0° (CNO) and i,,, = 45° (CN45), assuming the stellar luminos-
ity is set by main sequence relations, giving

L (AL>4

— = = 1.16.

Lo  \Mo
These runs consider the main sequence phase of Kepler-1625b.
However, as previously stated Kepler-1625b is now evolving off
the main sequence. Therefore, in the last of the control runs,
we reset i, =0° and replace the main sequence luminosity with
an estimate of Kepler-1625b’s current luminosity, which is calcu-
lated assuming a blackbody and an effective temperature of Te=
5, 548 K (Mathur et al. 2017). This results in a much greater lumi-
nosity of L = 2.68Lg.

(20)

(21)

Planetary illumination (IL).

In this run, we use the same inputs as CN (with i, =0 and main
sequence luminosity), but now implement planetary illumination
and eclipses of the moon by the planet. We use the same prescrip-
tions as Forgan and Yotov (2014) (see also Heller and Barnes
(2013)). Mumination adds a second insolation source to the sys-
tem, dependent on both the starlight reflected by the planet, and
on the planet’s own thermal radiation.

We assume the planet’s orbit is not synchronous, and that the
temperature of the planet T, is uniform across the entire surface.
We also fix the planetary albedo o, =0.3. The insolation due to
the planet is therefore

Sp(®) = £(®) + fr(D). (22)
The thermal flux f, as a function of latitude 2 is:
2R2 OsB
fih, 1) = —2—=(cos ) T3, (23)
am
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And the reflected flux f; is:

2
2L, Rp Ty
47r2 a?

p* m

cos AZ.(1).

e (24)

Where E is the fraction of dayside visible from the lunar surface
(see Forgan and Yotov (2014) for more details). Calculating the
ratio f,/f; for Kepler-1625b shows that thermal flux dominates
the planetary illumination budget, with around 1% of the total
illumination being produced by reflected starlight. We should
therefore expect S, to be roughly constant over the moon’s
orbit (as T}, is uniform).

The carbonate-silicate-cycle (CS).
In this final run, we now use a simple piecewise function to deter-
mine Pco, as a function of local temperature (Spiegel et al. 2010):

1072 bar T < 250K
Pco, = § 107277250/ bar 250K < T < 290K  (25)
Pco,.e T > 290K.

Our prescription now allows D to vary with latitude, depending
on the local temperature. This is not guaranteed to produce
Hadley circulation (see e.g. Vladilo et al. (2013) for details on
how D can be modified to achieve this). As we allow partial pres-
sure of CO, to vary, we now replace equation (18) with Williams
and Kasting (1997)’s prescription for the cooling function,
I(T, Pco,):

1 =9.468980 — 7.714727 x 107°B — 2.794778T
— 3.244753 x 107 BT — 3.4547406 x 107*32
+2.212108 x 1072T% +2.229142 x 107°B*T
+3.088497 x 107°BT* — 2.789815 x 10°B>T?
— 3.442973 x 10738° — 3.361939 x 107°T°

(26)

+9.173169 x 10°B*T — 7.775195 x 107° B> T>
—1.679112 x 1077 BT° 4 6.590999 x 1078 @*T>
+1.528125 x 1077 B°T® — 3.367567 x 1072 3*
—1.631909 x 107*B*T 4 3.663871 x 10°B*T>
—9.255646 x 1077 p*T?

where we have defined

P
B = log (ﬁ) (27)

Simulation timestep

The diffusion equation is solved using a simple explicit forward
time, centre space finite difference algorithm. A global timestep
was adopted, with constraint

(Ax)*C

ot < —————.
2D(1 — x2)

(28)
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This timestep constraint ensures that the first term on the left-
hand side of equation (2) is always larger than the second term,
preventing the diffusion term from setting up unphysical tem-
perature gradients. The parameters are diurnally averaged, i.e. a
key assumption of the model is that the moons rotate sufficiently
quickly relative to their orbital period around the primary insola-
tion source. This is broadly true, as the star is the principal inso-
lation source, and the moon rotates relative to the star on
timescales of a few days.

Mapping the exomoon habitable zone.

For each run, we simulate climate models over a range of lunar
semi-major axes 4,, and eccentricities e,,, mapping out the habit-
able zone as a function of (an, ey,) by classifying the resulting cli-
mate according to its habitability function &:

1 273K < T(A, 1) < 373K

0 otherwise. (29)

&A1) = {

We average this over latitude to calculate the fraction of habitable
surface at any timestep:

/2
&1 = 1]

(30)
2 —/2

&A, t)cos AdA.

Each simulation evolved until it reaches a steady or quasi-steady
state, and the final 10 years of climate data are used to produce
a time-averaged value of £(f), & Along with the sample standard
deviation, oz, we can classify each simulation as follows:

1. Habitable moons - these moons possess a time-averaged
£€>0.1,and 0y < 0.1§ i.e. the fluctuation in habitable surface
is less than 10% of the mean.

2. Hot moons - these moons have average temperatures above 373
K across all seasons, and are therefore conventionally uninhab-
itable, and & < 0.1.

3. Snowball moons - these moons have undergone a snowball
transition to a state where the entire moon is frozen, and are
therefore conventionally uninhabitable.

4. Transient moons - these moons possess a time-averaged
£€>0.1,and 0y > 0.1 i.e. the fluctuation in habitable surface
is greater than 10% of the mean.

Results and discussion
Control runs

In Figure 1, we display results for the CN0, CN45 and CNL runs.
For CNO and CN45, orbits with a semi-major axis above 0.1 Ry,
are habitable for a wide range of eccentricities. There is no outer
circumplanetary habitable edge, despite all bodies rotating in the
same plane, maximising the effect of eclipses. The effect of inclin-
ation results in some moons near the habitable zone inner bound-
ary experiencing large temperature variations, but otherwise
maintaining a habitable surface.

Notably, there are no habitable moons when Kepler-1625b’s
luminosity is increased from its main sequence value to its current

2As with hot moons, we require & < 0.1 for the moon to be classified as a snowball,
but given the nature of the snowball transition as it is modelled here, these worlds typ-
ically have &€ = 0.
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estimated value. Extra runs considering larger a,, also fail to find
any habitable solutions.

Planetary illumination and the carbonate-silicate cycle

In Figure 2, we show the results from the IL and CS runs (with iy,
=0). Planetary illumination makes little appreciable impact on the
habitable zone, which is consistent with previous calculations
(Forgan and Yotov 2014). Ideally, as the planetary illumination is
typically in the infrared, it should be subject to a different albedo
than the stellar illumination (cf Heller and Pudritz 2015).
Experimenting with different albedos for S, make little appre-
ciable difference to the results.

When CO, partial pressure is allowed to vary (run CS), a run-
away greenhouse takes effect in all runs, preventing the moon from
sustaining a habitable surface. Further runs have demonstrated that
this is independent of tidal heating, and that extending the param-
eter sweep to larger a,, does not yield a habitable solution.

Orbital stability of moons due to Kepler-1625b-i

Moons remain orbitally stable for semi-major axes a,, <0.3 — 0.5
Ryp (Domingos et al. 2006), and we can therefore expect all
moons simulated in this work to remain on stable orbits for long
timescales, provided they do not orbit too close to Kepler-1625b-i
(if it exists). Taking Teachey and Kipping (2018)’s estimate of
Kepler-1625b-i as approximately Neptune-mass ~ 17Mg, then we
should expect an inner orbital stability limit defined roughly by
the Hill radius of the satellite candidate:

R M\ 0.019R (31)
i = O0mi| 55, = 0. s
H, \3M, tp

where a,,;=0.153 Ryp. Any satellite which orbits within a few
mutual Hill radii of the candidate will be subject to dynamical
instability. We can therefore expect that any Earth-like exomoon
orbit will only be stable provided am Z 0.17 — 0.2Ry,,. This still
leaves a large range of orbits for Earth-like exomoons that are
both habitable (depending on the input climate model) and dynam-
ically stable.

We note that while many Earth-like exomoons can orbit stably
in the Kepler-1625b system despite the presence of Kepler-1625b-i,
we have not computed the cyclic variations in orbital eccentricity
we might expect as a Neptune-sized body exerts its gravitational
field on a neighbour. The large mass and inclination of
Kepler-1625b-i is likely to drive strong gravitational perturbations.
If the eccentricity of a body is driven too high, tidal heating could
rapidly render an Earth-like exomoon uninhabitable. We are cur-
rently running climate calculations using OBERON (Forgan
2016a) that includes the gravitational interaction between bodies
to explore this further.

Clouds are not explicitly considered in this model (although
they are implicitly accounted for in run CS). Clouds can modify
both the albedo and optical depth of the system significantly.
Also, we assume that both stellar and planetary flux are governed
by the same lunar albedo, which in truth is not likely to be the
case (see e.g. Heller and Barnes (2015)). Planetary flux at infrared
wavelengths is more easily absorbed by ice sheets and produces
more efficient melting (see e.g. Shields et al. 2013). However,
our simulations do not produce large quantities of ice in any of
the model runs. It is possible that more efficient absorption of
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Fig. 2. The habitable zone for exomoons orbiting Kepler-1625b, for model runs IL
(top) and CS (bottom). Note that the candidate exomoon Kepler-1625b-i orbits at
0.153 Hill radii. If Kepler-1625b-i exists, then any other exomoon orbiting with a,,, <
0.17 Hill radii is likely to be dynamically unstable.

IR radiation might move the inner habitable zone further out-
wards in a,,, but this can be equally offset by cloud cover.

In several runs, we find that an Earth-like exomoon at the cal-
culated location of Kepler-1625b-i would possess a habitable cli-
mate. Given that Kepler-1625b-i appears to be a relatively massive
exomoon, we can consider the possibility that this exomoon can-
didate could have its own satellite (a ‘moon-moon’). If we assume
an Earth-like satellite of the exomoon candidate, we can compute
the minimum and maximum permitted orbital semi-major axies.
The Hill radius of the satellite candidate is approximately 5 R,,
giving an outer stability limit of approximately 2.5R,~ 5.7R
(Domingos et al. 2006). The inner stability limit is defined by
tidal disruption. Setting Mg = 1Mg to be the mass of the
moon-moon, and Ry = 1Rg, we can compute the Roche radius:

MS 1/3
RRoche,ss = Rss M_ = 0.5RS

RN

(32)
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There therefore exists a reasonable range of distances, between say
[2, 5.7]R,, at which an Earth-like moon-moon could orbit the
exomoon candidate. If this moon-moon was Earth-like, our
models suggest it would have been habitable during the star’s
main sequence phase, and its climate would be quite analogous
to the climates of planets in binary systems (cf Forgan (2012);
Kaltenegger and Haghighipour (2013)).

Conclusions

We have applied several different exomoon climate models to the
Kepler-1625b system, to investigate the morphology of the exo-
moon habitable zone around this Jupiter-radius object.

We find that for a range of assumptions, Earth-like exomoons
were likely to have been habitable while Kepler-1625 occupied the
main sequence, for a wide range of orbital semi-major axes and
eccentricities. These exomoons would remain orbitally stable
even if the exomoon candidate Kepler-1625b-i is indeed present.
However, as Kepler-1625 evolved off the main sequence, the lumi-
nosity increased to levels that generally destroy the habitability of
any Earth-like exomoons possibly present.

Exomoon detection remains a challenging observational
endeavour - as such, the ability to determine the habitability of
detected exomoons is an even greater challenge. The four classes
of exomoon climate displayed in this work will be extremely dif-
ficult to distinguish between. The best approaches will require
some form of spectroscopic data to assess atmospheric compos-
ition and thermal state. This could be obtained if the moon is suf-
ficiently bright compared with the planet at wavelengths of
interest. Proposed techniques for obtaining exomoon spectral
data involve spectroastrometry (Agol et al. 2015), oscillations in
the combined exoplanet-exomoon phase curve (Forgan 2017),
or radial velocity measurements of the exoplanet using high dis-
persion spectroscopy (Brogi & Forgan, in prep.).

If Kepler-1625b-i is real, it is likely massive enough to possess its
own satellite (a ‘moon-moon’). If the said moon-moon was
Earth-like, it could have resided in a moon-moon habitable zone
during Kepler-1625’s main sequence phase. The morphology of
moon-moon habitable zones are not yet explored, but will share
similarities with that of S-type binary star systems (Kaltenegger
and Haghighipour 2013; Cuntz 2014; Forgan 2016b).

As an aside, we should note that 1D calculations are now giv-
ing way to full 3D global circulation models of exomoon atmo-
spheres (Haqq-Misra and Heller 2018). The 3D aspect of
exomoon climates is crucial, as planetary illumination heats the
top of the atmosphere, and tidal effects heat the surface, resulting
in complex heat redistribution patterns. For example, planetary
illumination amplifies warming at the moon’s poles, an effect
not seen in 1D calculations. We look forward to further 3D stud-
ies of exomoon atmospheres that explore the habitable zone’s
orbital parameters as defined by studies such as this work.

We suggest that future studies of habitability of rocky worlds
should continue to explore what have until now been considered
rather unusual regimes in parameter space, as it seems likely the
Universe will continue to deliver surprising configurations for
celestial objects.
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