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Context:  Predictions of exomoons the size of 
Mars [1,2] and new possibilities of finding sub-Earth-
sized exomoons with the Kepler or PLATO space tele-
scopes [3,4] naturally make us wonder about the habi-
tability of these worlds. Different from planets,  for 
which surface habitability is mostly constrained by 
stellar illumination, moons have alternative energy 
sources. For one thing, a giant host planet of a moon 
can contribute both stellar reflected light as well as its 
own thermal emission to a moon’s global energy flux 
budget. Moreover, moons can be subject to tidal heat-
ing, which provides an internal, geophysical heat 
source in the satellite. The combination of all energy 
sources defines a circumplanetary region, within which 
a moon can be habitable. Very close to its host planet,  a 
moon in the stellar habitable zone (HZ) can still be in a 
runaway greenhouse state and therefore uninhabitable 
[5]. We call the innermost critical orbit around a planet 
the “habitable edge” [5]. On the other hand, a moon in 
a close circumplanetary orbit can be habitable beyond 
the stellar HZ if tidal heating and illumination effects 
can make up for the weak stellar illumination [6].

Results:  We find that Mars- to Earth-sized exo-
moons, the most massive satellites that are predicted to 
form in the circumplanetary accretion disks around 
young super-Jovian planets, can be habitable if they 
are typically more than about 10 Jupiter radii from 
their host planet away. Details depend heavily on the 
orbital eccentricity of the moon, which triggers tidal 
heating, and on the distance of the planet-moon system 
to the common host star. At the inner edge of the stellar 
HZ, moons need to be farther away from their planet to 

be habitable owing to the strong stellar illumination. 
Exomoon habitability also depends on the age of the 
system: if the giant host planet of an exomoon is 
younger than about 100 Myr, then its substantial ther-
mal emission can make its vicinity uninhabitable in the 
sense that close-in moons would be subject to a run-
away greenhouse effect. For any given parameteriza-
tion of a star-planet-moon system, we define an “exo-
moon menagerie” (see figure) [7]. If an exomoon were 
soon to be found in the HZ around a star, then our 
global energy flux model would allow a first assess-
ment of the moon’s habitability.
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Figure caption:  Exomoon menagerie of an Earth-
like moon orbiting a 10 Jupiter-mass planet at 1 AU 
from a Sun-like star with a circumplanetary orbital 
eccentricity of 0.001. The planet is in the center of the 
two plots, respectively. In the left panel, the system is 
100 Myr old and illumination from the planet is sub-
stantial. In the right panel, at an age of 1 Gyr, the 
planet has cooled down and the inhospitable circum-
planetary region has shrunken. Note that in the “Tidal 
Venus” (dark red) and “Tidal-Illumination Venus” 
(light red) states the moon are subject to a runaway 
greenhouse effect and thus uninhabitable.
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heating flux is less, but the total flux is still sufficient to trigger the runaway greenhouse, the moon is a “Tidal-Irradiation 
Venus,” and the orbit is orange. These two types of moons are uninhabitable. If the surface flux from the rocky interior is 
between the runaway limit and that observed on Io (≈ 2 W/m2; Veeder et al., 1994), then we label the moon a “Super-Io” (see 
Jackson et al., 2008; Barnes et al., 2009b,a), and the orbit is yellow. If the tidal heating of the interior is less than Io’s but larger 
than a theoretical limit for tectonic activity on Mars (0.04 W/m2; Williams et al., 1997), then we label the moon a “Tidal Earth,” 
and the orbit is blue. For lower tidal heat fluxes, the moon is considered Earth-like, and the orbit is green. Heller and Barnes 
(2013b) refer to this classification scheme as the “exomoon menagerie.”
 The left panel of Fig. 12 shows these classes for a 100 Myr old planet, the right after 1 Gyr. As expected, all boundaries are 
the same except for the Tidal-Irradiation Venus limit, which has moved considerably inward (note the logarithmic scale!). This 
shrinkage is due to the decrease in inplanation, as all other heat sources are constant18. In this case, moons at distances ≲ 10 
RJup are in a runaway greenhouse for at least 100 Myr, assuming they formed contemporaneously with the planet, and thus 
are perilously close to permanent desiccation. Larger values of planet-moon eccentricity, moon mass, and/or moon radius 
increase the threat of sterilization. Thus, should our prototype moon be discovered with aps ≲ 10 RJup, then it may be 
uninhabitable due to an initial epoch of high inplanation.

5.3 Magnetic environments of exomoons

Beyond irradiation and tidal heating, the magnetic environments of moons determine their surface conditions. It is now 
widely recognized that magnetic fields play a role in the habitability of exoplanetary environments (Lammer et al., 2010). 
Strong intrinsic magnetic fields can serve as an effective shield against harmful effects of cosmic rays and stellar high energy 
particles (Grießmeier et al., 2005). Most importantly, an intrinsic magnetic shield can help to protect the atmosphere of a 
terrestrial planet or moon against non-thermal atmospheric mass loss which can obliterate or desiccate a planetary 
atmosphere, see Venus and Mars (Zuluaga et al., 2013). In order to evaluate an exomoon’s habitability, assessing their 
magnetic and plasmatic environments is thus crucial (Heller & Zuluaga, 2013).
 To determine the interaction of a moon with the magnetic and plasmatic environment of its host planet we need to 
estimate the size and shape of the planetary magnetosphere. Magnetospheres are cavities within the stellar wind, created by 
the intrinsic magnetic field of the planet (Fig. 13). The scale of a magnetosphere is given by the standoff radius RS, which as 
been measured for giant planets in the Solar System  (see Table 1). For extrasolar planets, however, RS can be only estimated 

Heller et al. (2013) – Detection and habitability of extrasolar moons
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18  Without external perturbations, tidal heating should also dissipate as the eccentricity is damped, but here we do not consider orbital 
evolution.
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Figure 12: Circumplanetary exomoon menageries for Mars-sized satellites around a 10 MJup host planet at ages of 100 Myr 
(left) and 1 Gyr (right). The planet is assumed to orbit in the middle of the HZ of a 0.7 M⨀ star, and the moon orbits the planet 
with an eccentricity of 10−3. In each panel, the planet’s position is at (0,0), and distances are shown on logarithmic scales. 
Note that exomoons in a Tidal Venus or a Tidal-Illumination Venus state are in a runaway greenhouse state and thereby 
uninhabitable.
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