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1 | Introduction

1.1 Introduction

All gas giant planets in our Solar System are orbited by moons. Jupiter alone hosts nearly
90, while Saturn has more than 200 natural satellites (NASA Planetary Data System,
2025). Even some rocky planets have moons, such as the Earth with our Moon, Mars
accompanied by two known moons, and Pluto, a rocky dwarf planet, which hosts five
moons, as of the time of writing (NASA Planetary Data System, 2025). These natural
satellites exhibit remarkable diversity in size, and surface properties, as can be seen in
Figure 1.1, orbital characteristics, composition, interior structures, and the presence or
absence of atmospheres.

The moons of the Solar System represent extremes of planetary science: Io, a Jovian
satellite, is the most volcanically active body in the Solar System, with over 150 hotspots
on its surface (Davies et al., 2015). Meanwhile, the majority of the large moons contain
a significant amount of water ice. These -so called- icy moons display a wide range
of sizes and characteristics themselves. For instance, even though most of them lack a
dense, bound atmosphere, Titan, a large moon of Saturn, stands out. Titan possess a
dense methane-rich atmosphere and lakes of liquid ethane and methane. The surfaces of
icy moons are cold and icy, and a large number of them, such as Titan, Enceladus and
Triton among others, are thought to sustain subsurface water oceans (Soderlund et al.,
2024). The rest of the large moons in our Solar System consist mostly of rocky material;
examples are lo, and our own Moon. Together, these natural satellites highlight the variety
of environments found within our Solar System.

Scientific interest in exploring the moons of our Solar System has grown, particularly
following the landmark Voyager 1 and 2 missions. These missions revolutionized our
understanding of the outer Solar System by exploring the Jovian and Saturnian systems,
including the discovery of active volcanoes on Io (Morabito, 2012). Subsequent missions
have built on this foundation. Galileo revealed that Jupiter’s icy moon Europa likely har-
bors a subsurface ocean (Khurana et al., 1998). Cassini uncovered evidence that Saturn’s
icy moon Enceladus possesses active plumes of water vapor (Dougherty et al., 2006). Be-
fore Cassini’s observations, Enceladus was thought to be relatively unremarkable, and it
was later revealed to host active plumes and a global subsurface ocean (McKinnon, 2015).
Juno, focusing on Jupiter, continues to study the Jovian moons and their environment. The
recent launches of ESA’s JUICE (Jupiter Icy Moons Explorer) and NASA’s Europa Clip-
per underline the high priority placed on exploring icy moons. For instance, Enceladus
remains a high priority target for astrobiological studies, as highlighted by ESA’s mission
priorities in 2024 (Martins et al., 2025). NASA’s 2023-2032 decadal strategy likewise em-
phasizes ocean worlds among the next decade’s priority targets (National Academies of
Sciences &Medicine, 2023). These missions and the study of moons will play a critical
role in advancing our understanding of planetary systems and the potential for life beyond
Earth.

One mechanism that plays an important role on the evolution and the current state
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Earth Mars Jupiter Satum Uranus Neptune Pluto

Ariel

Umbriel

Figure 1.1: The moons of the Solar System show great diversity, in terms of size and
composition. The Earth is presented for scale. Image courtesy of NASA

of surface and internal features in satellites is tidal dissipation, caused by tidal forces.
A body’s response to tidal forces is influenced by various factors, including its orbital
parameters. For non-zero eccentricity orbits, tidal forces become stronger when the body
is closest to its primary. This causes changes in the tidal bulge throughout the orbit, which
generates internal friction and, subsequently, contributes to heating the interior. Tides can
significantly influence the formation and maintenance of subsurface oceans, which are
crucial for astrobiology, in the interior of moons. In addition, tides drive the extreme
temperatures of Io (Segatz et al., 1988), and cryovolcanic plumes, like in the case of
Enceladus (Terrile &Cook, 1981).

Moving outside of the Solar System, over the past two decades, more than 5,700
exoplanets have been discovered. Given the prevalence of moons in our Solar System, it
is reasonable to expect that exoplanets also host natural satellites (exomoons). Beyond
their potential astrobiological significance, the discovery and study of exomoons could
provide valuable insights into planetary system formation and evolution, architectures,
as well as population dynamics. Yet no exomoon detection has been confirmed, despite
extensive searches (Teachey, 2024). With the launch of the JWST looking at the cosmos
in infrared wavelengths, the natural question would be to see whether hot moons - from
tidal heating, similar to Io - can be detected. And if so, what are the conditions that would
make such a detection feasible.

In the following sections I introduce the different proposed exomoon detection meth-
ods, placing them in the context of exoplanet detection. In addition, I discuss tidal heating,
its implications for Solar System moons, and how it affects our hunt to find moons outside
of the Solar System.
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1.2 Detecting extrasolar worlds

The discovery of two planets around the pulsar PSR1257 + 12 (Wolszczan &Frail, 1992),
and the subsequent discovery of 51 Pegasi b, the first exoplanet discovered orbiting a
main-sequence star (Mayor &Queloz, 1995) initiated an enormous growth of the invetory
of known exoplanets that occurred over the last two decades. A diverse population of over
5,700 exoplanets has been currently identified, many of which bear little resemblance with
the planets of our own Solar System. For example, 51 Pegasi b raised many questions in
the scientific community, as it has a mass similar to that of Jupiter and an orbital period
of just 4.2 days. Later it would turn out that these planets, named hot-Jupiters, are not
uncommon. Currently one of the most common known planet type in our Galaxy is
foreign to our Solar System; they have a size between that of the Earth and Neptune and
are called super-Earths (Cloutier, 2024). On the contrary, Earth-sized planets represent
only a small portion of the planets discovered so far. If the right conditions are met and
they are distant enough from their star for water to remain in solid form, these planets can
resemble the icy moons of our Solar System. These cold, ocean worlds are the topic of
Chapter 5 of this thesis.

The field of exoplanets gives us the capability to place our Solar System and the Earth
in the broader context of the population of other planetary systems. We are now at a stage
where we can characterize exoplanet atmospheres by detecting molecules, like water, and
study their atmospheric dynamics and clouds (see e.g. Helling (2019)). Additionally, by
combining measurements of planets’ mass and radii we can measure their bulk density,
investigate their interior structures by modelling different material compositions, and as-
sess their habitability potential. For this thesis, we are now pushing the boundaries of
observational techniques in an effort to detect moons orbiting them. In the following sec-
tion I will give a brief introduction on exoplanet detection methods, to provide the bases
of understanding exomoon detection methods, discussed in Section 1.2.2.

1.2.1 Exoplanet detection methods

Indirect methods

Most of currently known exoplanets have been detected via indirect methods of detection.
Their presence is inferred through an effect that they have on their stellar host’s signal.
The most successful of these methods are the transit and radial velocity methods (RV).
Other indirect methods include microlensing, where the light of a distant background star
is gravitationally influenced by the presence of the detected planet.

The transit method has been the most successful in finding exoplanets. Particularly,
the number of detected transiting exoplanets exploded with the Kepler (Borucki et al.,
2010), and TESS (Ricker et al., 2015) missions, which performed accurate photometry of
a large number of stars and obtain their lightcurves, a measure of brightness over time.
The method is based on detecting the dip caused by an orbiting planet in the lightcurve of
their host star. The size of the dip gives the planets radius as a fraction of the star’s one,
and the time between two consequent transits, is a measure of the orbital period. This
method is biased for exoplanets with small orbital periods, as close-in exoplanets com-
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Figure 1.2: Known exoplanets as of March 2025. The graph shows the cumulative distri-
bution of detected exoplanets per year and discovery method. Credit: NASA Exoplanet
Archive

plete more transits in a given observation time, but also have higher transit probabilities.
An important transiting system is the planet system of Trappist-1, which consists of seven
Earth sized planets orbiting an M-dwarf (Gillon et al., 2017). It is the first known system
of potentially rocky, terrestrial exoplanets with incident fluxes similar to those of the rocky
planets in our Solar System. Three of the Trappist-1 planets lie within the star’s habitable
zone (HZ), which is the distance from the host star where water can exist in liquid form.
As the light from the star passes through the planet’s atmosphere during the transit, it gets
absorbed at different wavelengths, depending on the atmosphere’s chemical composition.
When measuring the transit depth at different wavelengths, we can obtain the transmission
spectrum of an exoplanet. This method is called transmission spectroscopy and gives the
possibility to detect specific chemical compounds in the atmosphere, like H,O (Tsiaras
et al., 2019), and CO, (Ahrer et al., 2023).

The RV method measures variations in the Doppler shift of the star’s spectrum, caused
by the presence of an orbiting planet. The method is more sensitive to close-in, massive
planets, as the shift in frequency of the spectral features of a planets is larger for more
massive planets. The RV method provides us with the lower limit to the planet’s mass and
its orbital period. When this technique is combined with the transit method, astronomers
can measure the bulk density of a planet. Initially the RV method was mostly sensitive to
close-in massive planets (like 51 Pegasi b), however modern instruments can detect rocky
planets around low mass stars (Sudrez Mascarefio et al., 2023). Two examples of planets
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discovered with the RV method, and discussed in this thesis are € Eridani b (Hatzes et al.,
2000) - Chapter 2, € Indi A b (Feng et al., 2018) - Chapter 3.

Another exoplanet detection method is astrometry, where precise measurements of the
perturbation of the linear motion of a star, due to the planet’s orbit are taken. Astrometry
is sensitive to planets with longer orbital periods, as such planets induce larger displace-
ments in their star’s position over the course of their orbit. This method has not been as
successful as the transit and RV methods in detecting planets, and has resulted in only
a handful of detections, as of March 2025. Apart from the high precision requirements
that a detection requires, the bias for long period planets necessitates longer observation
times (Endl &Cochran, 2007). In addition However, the Gaia mission and its upcoming
Data Releases is expected to significantly increase that number (Espinoza-Retamal et al.,
2023). Gaia scans the sky taking precise astrometric measurements of stars. Figure 1.2
shows the cumulative distribution of detected exoplanets per year and discovery method
as of 2025 for each detection method.

Direct imaging

In contrast to the successful transit and RV methods, 83 exoplanets have been discovered
via direct imaging (DI) (see Chauvin, 2024, for an extensive overview). Direct imaging
works by suppressing the starlight to reveal the planet’s flux. Spatially resolving the
planet from the star in this context is challenging, as it requires to tackle the big contrast
of the planet with respect to the star, particularly for close-in planets. This is why DI
is relatively easier at larger angular separations. Although DI has resulted in relatively
few discoveries, the method captures light directly from the planets, rather than merely
inferring their presence. This comes with several advantages, as it can allow atmospheric
characterization particularly for planets that are far from their stars, where other methods
struggle. DI is also sensitive to detecting young exoplanets that are IR-bright and warm
from their formation. In addition, unlike the transit method, which requires the orbit of
the planet to pass in front of the disk of the star, DI can detect planets regardless of their
orbital inclination, which in this context describes the angle between the plane of the orbit
relative to the plane of the sky. However, planets on a highly inclined orbits are likely
to experience close encounters with the star in the image plane, making detection more
challenging. Some directly imaged systems include PDS 70 (two accreting protoplanets),
in which a moon-forming disk was directly imaged for the first time (Benisty et al., 2021),
and HR 8799 which hosts four wide-orbit giant planets (Marois et al., 2010). Both of these
systems can be seen in Figure 1.3. Another notable system is that of YSES-1, which is
the first directly imaged planet system around a Sun-like star, with multiple planets (Bohn
et al., 2020). In the near future, the combination of adaptive optics and coronagraphs with
next-generation large telescopes, such as the ELT, will enable DI and characterization of
Earth-like planets (Snellen et al., 2015).
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Figure 1.3: Several directly imaged planetary systems. a) The HR 8799 system (Marois
et al., 2010) b) The planets PDS 70 b,c (Haffert et al., 2019) ¢) The circumplanetary disk
around PDS 70c (Benisty et al., 2021)

1.2.2 Exomoons and their detection methods

Since every giant planet in the Solar System has a system of moons, it is plausible that
exoplanets also host exomoons. While detection methods have become increasingly effec-
tive at identifying exoplanets, finding exomoons remains more difficult due to the subtle
effects they have on an exoplanet’s signal. However, advances in observational astron-
omy have already identified multiple exomoon candidates (see page 11). A confirmed
exomoon detection can be, thus, within reach in the near future (Lazzoni et al., 2022;
Teachey, 2024).

Before we dive into the different exomoon detection methods, it would be beneficial to
expand on what exactly can be considered as an exomoon. In the case that one of the two
orbiting bodies’s mass is significantly lower, like in the case of the Galilean satellites, the
answer is straightforward. By convention, if the center of mass of the system is outside of
the largest body, the system can be considered a binary system. However,when a smaller
body orbits an isolated planet or a brown dwarf (BD), the exact terminology remains
uncertain. In addition to that, the line between what can be considered a BD or a planet
is blurred, especially between the deuterium-burning limit at ~ 13M,,, below which
bodies are often characterized as planets (Teachey, 2024), and the hydrogen-burning limit
at ~ 80M,, (Chabrier et al., 2023), the dividing line between stars and BDs. In this thesis
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we make use of the term companion and exomoon interchangeably, keeping in mind that
the diversity of the worlds can challenge their strict classification.

By studying exoplanets we do not only expand our understanding of distant worlds,
but also gain insights into our own. Observations of life on Earth have shown that ecosys-
tems, at the very least, require liquid water, a steady energy source, and a supply of nu-
trients (Heller et al., 2014). Interestingly, the only bodies in the Solar System that fulfill
these habitability requirements apart from the Earth are moons of the gas giant planets.
This fact has inspired scientists to move from the conventional planet HZ, to the moon
habitability zone, which can significantly increase the potential habitable bodies in the
cosmos (Dobos et al., 2017; Heller, 2012). In addition, a moon might play a significant
role in making its parent planet inhabited. For example, the Earth’s Moon affects tides on
Earth, which could have played a role in the development of early life (Benn, 1999).

The explosion of the discovered exoplanets has enabled studies of exoplanet demo-
graphics. These indicate that our Solar System might not be very common (Mishra et al.,
2023). However, we lack a comparable reference point for moons. Exomoon detections
could help shed light into questions such as the prevalence of moons, their properties par-
ticularly compared to the Solar System ones, and the rarity of a moon similar to Earth’s.
In addition, satellites gives us hints on their host planets’ formation and dynamical his-
tory. For example, the existence and properties of the Galilean moons provide insights on
the location of Jupiter’s formation and its migration history (Heller et al., 2015). Recently,
the existence of an ancient satellite has been proposed to explain the obliquity of Uranus
(Saillenfest et al., 2022).

Formation mechanisms

Moon formation is a natural consequence of planet formation (Barr, 2016). Having given
several examples of how the existence and properties of moons can affect our interpreta-
tion of its host planet formation history, it is now worth exploring the several moon for-
mation theories that have been proposed. The large and regular moons of the gas giants
are thought to form in a circumplanetary disk (CPD) of material around the young planet
that is accreting gas from the solar nebula, in a similar way that planets form around stars.
Satellites formed in this way have orbits that are mostly coplanar with small eccentricity
and inclination values. Canup &Ward (2006) suggest that they follow a mass scaling law
compared to their hosts of ~ 1074, which is governed by the interplay between the inward
delivery of material and the loss of satellites via orbital decay. The latter mass scaling law
is in agreement with the mass fractions of the Solar System gas giants’ moons.

Another formation scenario, which has been invoked to explain our own Moon is the
giant impact scenario (Canup &Asphaug, 2001). Pluto’s moon, Charon, is also thought
to have formed in this way (Canup, 2010). In the inner Solar System, collisions between
planetary embryos frequently occur during the late stages of terrestrial planet formation
(Agnor et al., 1999). It is reasonable to assume that terrestrial planets in other systems
would also experience similar phenomena. Nakajima et al. (2022) simulated such colli-
sions and found that more massive rocky planets produce a gas-rich disk, which induces
drag on moonlets, causing them to return to the planet. This suggests that impacts are
more likely to produce fractionally large satellites around less massive rocky exoplanets.
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Finally, capture of satellites constitutes a third formation mechanism. The moons
formed via this way can be larger than the moons formed in a CPD. Triton, Neptune’s
largest moon, exhibits orbital characteristics that strongly indicate it was captured (McK-
innon et al., 1995). Its retrograde orbit is tilted approximately 157° relative to Neptune’s
equator, which is indicative of formation via capture. Such an even may have disrupted
the original moons of Neptune, assuming one existed prior to the current (Rufu &Canup,
2017).

We will now expand on the different exomoon detection methods that have been pro-
posed, highlighting their respective strengths and limitations in the context of exomoon
discovery.

Exomoon detection methods and candidate systems

Searches for extrasolar satellites are providing either constraints on exomoon proper-
ties from non-detections, signs of a moon’s presence—such as detected volcanic species
or gaps in ring systems—or potential candidate systems. A variety of indirect and direct
methods have been proposed for exomoon detection. Indirect methods analyze the impact
of a moon on a planet’s signal. These include centroid shifts (Agol et al., 2015) (Figure
1.4 a) and Doppler monitoring of directly imaged exoplanets resulting from gravitational
interactions between the planet and its companion (Vanderburg et al., 2018). Additional
detection techniques involve the dynamical sculpting of circumplanetary disks (Kenwor-
thy &Mamajek, 2015). In this thesis, I explain each method with respect to the corre-
sponding exoplanet detection method to make a clear distinction between the possible
ways that an exomoon can be found depending on the exoplanet characterization method,
and place the following chapters into context. To aid the explanation, Figure 1.5 presents
the exoplanet population found as of March 2025, depending on their orbital period and
mass. Some Solar System planets, together with exoplanets discussed in this thesis are
also shown.

Exomoon detection around transiting exoplanets

Transiting exoplanets make up the majority of detected exoplanets. There is, thus, a
variety of methods proposed to detect satellites around them. The first one was pro-
posed by Sartoretti &Schneider (1999), who show that detecting an exomoon transit in
the lightcurve of a transiting exoplanet is possible with an observation time equal to the
planet’s orbital period, provided that the satellite is large enough (Figure 1.4 b). They
suggested that even if the satellite transit is itself not detectable, as an additional dip in the
star’s lightcurve, the presence of a moon can be inferred by the shift of the planet’s tran-
sit timing (Transit Timing Variation - TTV (Simon et al., 2007)), caused by the motion
of the planet around the planet-moon barycenter. With the launch of the Kepler Space
Telescope and the subsequent explosion of detected transiting systems, interest in study-
ing exomoons around transiting planets grew significantly. Kipping (2008, 2009) showed
that not only the timing of the planet’s transit (Transit Duration Variations - TDVs), but
also its duration is affected by the presence of an exomoon. The combination of TTVs and
TDVs can give the mass and semi-major axis of a putative satellite. A number of papers
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followed investigating the properties of TTVs/TDVs as a detection method for exomoons
(see e.g. Kipping (2020), Heller et al. (2016)a ), as well as the first systematic program
to search for the satellites of extrasolar planets, namely the Hunt for Exomoons with Ke-
pler (HEK). HEK conducted a photodynamical modeling analysis of approximately 60
planets to search for exomoon signatures (Kipping et al., 2012). However, it was in HEK
VI (Teachey et al., 2017) that the authors examined 284 planets to investigate the Orbital
Sampling Effect (OSE). OSE appears as a characteristic reduction in flux at the edges
of a planetary transit when analyzing a time-averaged, phase-folded lightcurve (Heller,
2014),(Heller et al. (2016)b ). Given a sufficient number of planet transits, OSE can be
used to identify moons as small as Ganymede. HEK VI yielded one exomoon candidate,
Kepler-1625b-i, a putative exomoon with size comparable to that of Neptune (Teachey
et al., 2017). Kipping et al. (2022) performed a survey around 70 giant transiting exo-
planets with Kepler, and identified the candidate Kepler-1708 b-i. The latter is, similarly
to Kepler-1625b-i, quite large, ~ 2.6 Earth radii.
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Figure 1.4: Illustrations of two different exomoon detection methods. a) Centroid shifts
(Agol et al., 2015): At bluer wavelengths that are dominated by the planet’s flux, the
centroid aligns with the planet’s position. At redder wavelengths that are dominated by a
moon, the centroid shifts to the moon’s position. b) Exomoon transits (Sartoretti &Schnei-
der, 1999): Several moon transits distinguishable on planet transit lightcurves.

In addition to monochromatic photometric effects, exomoon detection has also been
suggested through the spectral analysis of a system. Volcanic material coming from an
exomoon similar to Io (exo-Io) can cause detectable signals in the spectrum of a planet
(Ben-Jaffel &Ballester, 2014; Gebek &Oza, 2020; Meyer zu Westram et al., 2024). Oza
et al. (2019) identified an exomoon candidate around the planet WASP-49b, attributing
this to signatures of sodium detected in the planet’s transmission spectrum.
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Exomoon detection around DI exoplanets

DI has revealed planets at great distances from their host star. This is significant for
the hunt of exomoons, as planets further away from their host star are more likely to host
moons (Dobos et al., 2021). With DI, the light coming directly from the planet itself can
be utilised. This can allow for the direct detection of a companion in wavelengths where
the moon is brighter than its host. For example, an Earth-like moon could be brighter than
a Jupiter-like planet between 1 and 4 microns, if the latter’s atmosphere produces strong
methane and water absorption features, suppressing the giant planet’s flux in this range
(Williams &Knacke, 2004). Direct imaging has given us a candidate that similarly to the
two transiting candidates of Teachey et al. (2017) and Kipping et al. (2022) look nothing
like the moons of the Solar System. The DI candidate is a IMJup companion around the
low-mass (10M,,) BD DH Tau B (Lazzoni et al., 2020).

Various approaches have been suggested for applying planet detection techniques to

the flux of a planet with the goal to reveal exomoons. For instance, radial velocity and
astrometry can be utilized (Lazzoni et al., 2022). Additionally, moon transits can be iden-
tified through variations in the planet’s photometric signal (Cabrera &Schneider, 2007).
Although these techniques have not yet yielded promising exomoon candidates, they have
helped establish important detection limits. In particular, Vanderburg &Rodriguez (2021)
gave the first RV limits of exomoons around HR 8799, which are in the order of Jupiter
mass planets. Recently, Ruffio et al. (2023) demonstrated that next-generation high-
contrast imaging 30 meter class telescopes combined with spectroscopy will enable the
detection of close-in, Solar System-sized moons around nearby brown dwarfs, whereas
current-generation telescopes can only identify giant moons, akin to gas giant planets
in the Solar System (Vanderburg et al., 2018; Lazzoni et al., 2022; Ruffio et al., 2023;
Horstman et al., 2024).
The glare from their host star often obscures directly imaged exoplanets, making exomoon
detection difficult with conventional methods. Thus, apart from applying the aforemen-
tioned techniques around DI exoplanets or BD around a host, several techniques have
been proposed to detect exomoons around isolated planets or BDs (Limbach et al., 2021).
Low-period moons can have geometric transit probabilities greater than 10, making their
detection more feasible in large-scale surveys. PINES is an ongoing survey aimed at de-
tecting transiting exosatellites around nearly 400 nearby brown dwarfs and free-floating
planets (FFPs) (Tamburo et al., 2022a). The survey is capable of identifying exosatellites
larger than 2.5 Rg,,+, and has detected a =5 Rg,,;, candidate orbiting 2MAS S J0835+1953
(Tamburo et al., 2022a,b). In addition, Limbach et al. (2024c¢) studied 44 archival Spitzer
lightcurves, with no significant evidence of satellite transits, sensitive to 0.7 Rg,,;, satel-
lites. Limbach et al. (2023) recently introduced the TEMPO survey, a 30-day observation
program utilizing the Nancy Grace Roman Space Telescope to search the Orion Nebula
Cluster for exomoon transits, with the capability to detect bodies as small as Titan. Fi-
nally, Earth-Moon analogs will be detectable for systems within 10 pc with the upcoming
HWO (Limbach et al., 2024a).
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Figure 1.5: A planet mass as a function of orbital period of all the detected exoplanets
as of March 2025. Solar System planets are shown on the plot, along with the planets
discussed in this thesis. Credit: Adapted from NASA Exoplanet Archive

Exomoon candidates

In this section, I present the exomoon candidates proposed up to 2025, and any contro-
versies surrounding their detection. The candidate systems so far include the following.

1. J1407 b: (Kenworthy &Mamajek, 2015) proposed the presence of putative exo-
moons from a transit observation of J1407. The transit was linked to a large disk
featuring gaps, which were believed to result from the presence of exomoons. Later
on it was suggested that J1407 b may not be bound to the star and that it was a free
floating system in front of the star (Kenworthy et al., 2020; Mentel et al., 2018).

2. Exomoon candidates found via microlensing, namely MOA-2011-BLG-262 (Ben-
nett et al., 2014), and MOA-2015-BLG-337 (Miyazaki et al., 2018): Detection via
microlensing has the disadvantage that observations cannot be repeated. Recently,
the MOA-2011-BLG-262 candidate was confirmed to be a low-mass star host with
a planet, based on Keck adaptive-optics imaging that directly measured the lens
brightness (Terry et al., 2025).

3. Neptune sized moons around transiting gas giants: Kepler-1625 b-i (Teachey &Kip-
ping, 2018) and Kepler-1708 b-i (Kipping et al., 2022) have generated controversy
in the literature, with the putative moon signals were found to be fitting (Heller
&Hippke, 2024) of data reduction artifacts (Kreidberg et al., 2019). In addition, the
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unexpected nature of the candidates themselves has been questioned, particularly
regarding their possible formation mechanism (Heller, 2018).

4. WASP-49 b: Sodium absorption observed for the Hot Jupiter WASP-49b was at-
tributed by Oza et al. (2019) to a torus of material that may exist around the host
planet. The candidate around WASP-49b remains to be confirmed, as an inde-
pendent exomoon detection method is needed apart from the indirect method of
identifying gases in absorption during the planet’s transit. In addition, exomoons
around low-period planets are less likely to have stable orbits (Dobos et al., 2021).

5. 2MASS J11193254-1137466 AB: Limbach et al. (2021) claim the detection of a
1.7 Rgqr, moon transit around an isolated planetary mass object. The data exhibit
significant variability with amplitudes similar to those of the suspected transit, and
follow-up observations are needed to confirm the presence of the putative moon.

6. W1935: Faherty et al. (2024) detected methane CH, in the emission of an isolated
BD. The authors claim that this could be associated with a temperature inversion in
the upper atmosphere, which can potentially be caused by auroras, linked to nearby
moons.

Having discussed the disadvantages that exomoon detection around transiting exo-
planets may face, we can shift our interest towards targeting DI exoplanets or IPMOs,
given their potential for exomoon detection. Direct imaging of heated exomoons presents
challenges, as it requires suppressing the star’s light while also accounting for the com-
bined flux from both the moon and its host planet. However, tidally heated exomoons
(THEMs) (Limbach &Turner, 2013) can outshine their host planet in certain infrared
bands due to tidal interactions between the exomoon and the planet. Unlike other meth-
ods such as transits, direct detection through thermal spectral energy distribution (SED)
does not depend on a specific satellite orbital phase or require multiple observations. This
approach provides a detection window for exomoons orbiting gas giant planets at dis-
tances of several tens of astronomical units from their parent star. In this thesis, I discuss
possible ways to detect THEMs around DI exoplanets or IPMOs. Firstly, I give an intro-
duction on tidal heating, and its implications for the moons of the Solar System.

1.3 Tides

On Earth we experience the effect of tides; the coastline’s level changes as a result of the
Moon’s gravity. Ocean tides have shaped traditions in different cultures, drive one of the
worlds most biodiverse environments, and can even be used for power generation. But
what is causing this phenomenon? As the Moon orbits around the Earth it exerts a tidal
force on the entire planet. This force varies across the Earth; it is strongest on the side
facing the Moon and weakest on the opposite side. This variation creates a deformation,
or a “tidal bulge”, on opposite sides of the Earth’s surface, resulting in high- and low-
tides. It also has an effect on the rocky part of the Earth. Such “Terrestrial tides” can
cause, for example, volcanic eruptions.
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The same phenomenon does not only occur on Earth. It has big implications in other
bodies of the Solar System, in exoplanetary systems, and might be an important factor for
the emergence of life in other worlds. In the Solar System tidal forces affect the orbits, in-
terior, and surface properties of various bodies, producing different effects on each. Tidal
forces are responsible for the geologic activity of Io, the most volcanically active body in
the Solar System (Peale et al., 1979). They drive volcanic eruptions, and plumes of mate-
rial that contribute to the resurfacing that gives Io a young surface (Geissler et al., 2004).
The volcanoes of lo are an active field of research and have been mapped and extensively
studied (see e.g. de Kleer &de Pater (2016); Bartoli¢ et al. (2022); Davies et al. (2015)).
Figure 1.6 a, d both show images of Io’s surface, in visible and IR wavelengths, where the
excess heat from the volcanoes are clearly distinguishable.

A surprisingly young surface with cracks and ridges (Figure 1.6¢c) was also discovered
at the Jovian moon Europa, when Voyager encountered it (Smith et al., 1979). It was later
proposed that a similar mechanism to Io contributes to the geological activity, and that
it can prevent the solidification of a subsurface ocean (Cassen et al., 1979). In 2012, the
Hubble Space Telescope captured images providing evidence of plumes erupting from
the surface of Europa (Saur et al., 2011; Roth et al., 2014). It is now thought that the
supposed plumes originate from either water pockets in the ice or from the water ocean.
Similarly, Saturn’s moon Enceladus is believed to have a subsurface liquid water ocean,
maintained by tidal forces, which drive the water vapor geysers erupting from its surface
(Figure 1.6b) (Spencer et al., 2018).

Figure 1.6: Diversity of tidally active moons. a) Image of Io where distinct volca-
noes and lava lakes are distinguishable b) Enceladus’ plume. Image taken by Cassini
Credit:NASA/JPL/Space Science Institute ¢) Ridges on Europa. Image taken by solid
state imaging television camera aboard the Galileo mission Credit: NASA/JPL/University
of Arizona Credit: NASA/JPL-Caltech/SWRI/MSSS d) Infrared image of Io’s south-
ern hemisphere from data collected by the JIRAM instrument aboard Juno Credit:
NASA/JPL-Caltech/SwRI/ASI/INAF/JIRAM
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1.3.1 Tides and tidal heating: Basic concepts

Crucially for this thesis, tidal forces can generate heat within the interior of a body. The
response of a body to tidal forces depends, among others, on its orbit. When the orbit
is elliptical the tidal forces are stronger near periapsis. This results in the tidal bulge to
vary over the course of the orbit, as can be seen in Figure 1.7, which in turn generates
internal friction heating the interior. The amount of heat that is generated in the interior
of a secondary body orbiting a primary depends, among other parameters, on the orbital
eccentricity and the semi-major axis of the secondary. In addition to eccentricity driven
tides, obliquity tides that arise from the angle between the body’s rotational axis and its
orbit, can also contribute to tidal dissipation.

The extent of tidal deformation of a body due to tides is parametrized by the Love
number k2 (Love, 1911), which measures amplitude of the tidal response. A higher Love
number indicates a more deformable interior. Love numbers are typically complex, except
in the case of a perfectly elastic body, where the tidal response is instantaneous. On the
other hand, when a body is viscous, the tidal response lags behind the tidal force by a
phase angle. This lag, caused by internal energy dissipation, is reflected in the phase of
the complex Love numbers (Renaud &Henning, 2018). Together with the tidal quality
factor Q, which reflects how dissipative the body is, the ratio & is a key parameter in
models of tidal heating and orbital evolution (see e.g. Dobos &Turner (2015); Renaud
&Henning (2018); Rovira-Navarro et al. (2021))).

S /
Apoapsis __— Periapsis

Figure 1.7: Illustration of the tidal bulge evolution throughout an eccentric orbit in a
planet-central reference frame. The planet is depected in brown while the moon in yellow.
The tidal bulge is exaggerated for clarity.

In a two body system, as the secondary body interacts gravitationally with the primary
body, its interior is heated, with the energy coming from its own orbital and rotational
energy. The latter leads to tidal circularization in a two-body system, where an initially
elliptical orbit gradually becomes circular. The tidal bulge raised on the secondary by
the primary drive this circularisation process, as it is misaligned with the line connecting
the two bodies, creating torques that remove energy from the orbit, and thus, leading
to eccentricity damping (Peale, 1999). Over time, tidal interactions also slow down the
rotation of the secondary body until the latter becomes tidally locked. Tidal locking occurs
when the secondary’s rotational period matches its orbital period. The tides raised on
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the planet by the satellite can cause orbital migration, which plays a fundamental role
in the long-term dynamical evolution of satellite systems. In the case that planet’s tidal
bulge is ahead the satellite, angular momentum is transferred from the planet’s spin to the
satellite’s orbit, causing the satellite to migrate outward. If the bulge lags behind, the orbit
decays inward (Goldreich &Soter, 1966).

In more complex systems gravitational forces from additional bodies can perturb the
orbit. Instead of the eccentricity decreasing, orbital circularization is prevented, allowing
tidal heating to persist over long timescales. This is what happens, for example, in the
case of the Galilean moons of Jupiter. In particular, the moons continuously influence
each other through periodic gravitational interactions, distorting their orbits. Ganymede,
Europa, and Io are in a 1:2:4 Mean Motion Resonance (MMR); for every four orbits of
To around Jupiter, Europa and Ganymede complete two and one, respectively. This reso-
nance causes the moons to gravitationally perturb each other at regular intervals, maintain-
ing increased orbital eccentricities. It is thus a major factor in sustaining Io’s extreme vol-
canic activity. In addition by preventing Europa’s orbit to fully circularize it contributes
to the maintainance of its subsurface ocean (Cassen et al., 1979). MMRs have also been
observed in several exoplanetary systems, like the Trappist-1 system (Teyssandier et al.,
2022). In the context of exomoon detections such resonances do not only contribute in
sustaining extreme temperatures, but may also imply the existence of additional, unseen
moons, in the case that the observed one is tidally heated.

Under the assumption of zero obliquity, which is a reasonable assumption for Io and
other regular satellites (Baland et al., 2012), the tidal heat that is generated in the interior
of a satellite follows Equation 1.1 (Segatz et al., 1988; Makarov &Efroimsky, 2014)):

.21 (nR) ,
E= ZIm(kz) ¢

(1.1)

where n is the mean motion, e the orbital eccentricity, R the radius of the satellite, and G
the universal gravitational constant. Im(k,) is the imaginary part of the k&, Love number
and is a parameter that describes the deformation of the gravitational field of a body in
response to tides. Im(k;) depends on the interior structure, its material the orbital period
of the satellite (Segatz et al., 1988).

One common approach for modeling tidal dissipation is with the so-called fixed Q
model, which is broadly used in tidal calculations, and assumes that Im(k,) = %, and that
is constant with respect to the orbital frequency and the thermal state of a satellite (Renaud
&Henning, 2018; Henning et al., 2009). In the latter expression Q is the tidal quality factor
(Kaula, 1964), and measures the fraction of orbital energy lost to dissipation per orbit as
a result of internal friction. The fixed-Q model highly underestimates the tidal heat of the
body (see e.g. Ross &Schubert (1989)), and does not take into account Q’s dependancy
on the satellite’s orbital period. In addition, it has been shown that material properties
of the interior strongly depend on its temperature (Moore, 2003; Fischer &Spohn, 1990).
Unlike the fixed Q model, viscoelastic models incorporate the temperature dependence of
the body, taking into account the thermal state of a planet and its response to tidal forces.
This allows for a more realistic representation of how the planet’s interior responds to
tides.
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Figure 1.8: Interior heat as a function of mantle temperature. Dashed line: Radiogenic
heat Contiguous line: Generated tidal heat. Reference: Moore (2003)

The most simple viscoelastic model is the Maxwell model. Because Im(k,) is a func-
tion of the interior’s material properties, namely the rigidity (u), density (o), and viscosity
(1), as a result, the generated tidal heat flux also depends on the temperature. As illus-
trated in Figure 1.8 tidal heat flux (continuous line) reaches its peak at a critical tempera-
ture (T,). Between the solidus (7') and liquidus (7;) temperatures, the material undergoes
partial melting. Tidal dissipation increases when the tidal period is near the Maxwell
time (/%)' When the forcing period is shorter than the Maxwell time, the body behaves
elastically, whereas when the forcing period is greater, the body responds as a viscous
fluid. The dashed curve represents the body’s convective heat loss. Equilibrium points
are marked by circles; for instance, the solid circle between T, and 7; indicates a stable
equilibrium point. If the temperature rises, convective cooling surpasses the tidal heat
flux, leading to a temperature decrease. Conversely, if the temperature drops, the tidal
heat flux dominates, causing the temperature to rise back to equilibrium.

1.3.2 Probing planetary interiors

Because tidal response depends on the material properties of a body, a connection can be
made between the tidal response and the interior structure. For example, the exact interior
structure and heat transfer mechanism that takes place in the interior of Io is still unknown;
whether Io harbors a shallow, global magma ocean has remained an open question since
the discovery of its volcanism. For decades, scientists had speculated that Io’s intense tidal
heating could be powerful enough to melt a significant portion of its interior, potentially
creating a global subsurface magma ocean. Moore (2001) proposed that Io’s tidal heat is
transported by the advection of melt, for melt fractions of less than 20 percent. There are
two end-case scenarios for Io’s interior: a partially molten, mostly solid interior, and an
interior with a global magma ocean. Measuring [o’s tidal response can help shed light into
this question. If Io possesses a shallow global magma ocean, its tidal deformation would
be larger than in a scenario with a solid, rigid interior, as the decoupling of the liquid layer
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leads to an enhanced tidal response. Efforts to determine Im(k,) for Io using astrometric
observations (Lainey et al., 2009) have constrained its value to 0.015 + 0.003. Recently
Park et al. (2025) by combining the most recent Juno and previous Galileo Doppler data,
constrained Io’s k;, and proposed that a shallow global magma ocean does not exist, and
that their results are consistent with Io having a mostly solid mantle.

Similarly, a connection can be made between an exoplanet’s tidal response and its
interior properties. There has been several papers investigating theoretically the effect of
tidal heating on exoplanet systems using a multilayer approach (Barr et al., 2018; Shoji
&Kurita, 2014). Henning et al. (2009) gave an extensive overview of the effect of different
rheology models and interior properties for exoplanets and their implications on their
tidal heating rates. In addition, the effect of tidal heating is expected to be tremendous
on exoplanet habitability (Dobos et al., 2019). These studies have paved the way for the
detection of exoplanet volcanism, driven by tidal heating (Peterson et al., 2023).

Direct detection of tidally heated exomoons (THEMs), driven by tidal interactions
in eccentric, short-period orbits, has been proposed as a method for identifying these
bodies (Limbach &Turner, 2013). This process requires the presence of tidal heating
within the moon’s interior. Most studies examining the direct detection of THEMs have
assumed a uniform temperature distribution across the moon’s surface to estimate the
temperatures achievable through tidal interactions using a multilayer approach (Dobos
&Turner, 2015; Rovira-Navarro et al., 2021). Jiger &Szab6 (2021) argue that a THEM’s
temperature distribution is likely to be uneven, with hotspots similar to those seen on
Io. They suggested that this uneven temperature distribution could enhance the direct
detectability of THEMs.

1.4 This thesis

The work done during this PhD research, aims to investigate the effect of tidal heating
in the observability of extra-solar satellites around exoplanets. More particularly, this
thesis focuses on the effects of tidal heating on the detectability of exomoons around di-
rectly imaged and radial velocity exoplanets, IPMOs or BDs. The main goal is to identify
the physical and/or orbital parameters that would make THEMs detectable with different
methods and existing or future instruments. In parallel, we also investigate how well the
physical properties of potentially detected exomoons might be characterized according
to observational and theoretical constraints. The second part of this thesis uses interior
models used in the characterization of Solar System moons, to assess potential interior
structures of the likely icy planets of the system Trappist-1. We model the tidal heat
produced in their interior and identify the thickness and depth of any potential subsurface
oceans. We also conclude on the detectability of cryovolcanism in the system.

Chapter 2: Tidally Heated Exomoons around ¢ Eridani b: Observability and prospects
for characterization

We begin with Chapter 2, where we explore the possibility of detecting THEMs in IR
wavelengths with JWST. We study as an archetype the system € Eridani b, a nearby sys-
tem with a distance of 3.2 parsec (see also Figure 1.2). We firstly, model exomoons of
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different size for a range of orbital parameters, and conclude on the ones that would make
them detectable. To do so, we modelled a radially symmetric, spherical body in which
heat moves through magma advection in a partially molten layer and convection in the
deeper mantle. We used a combined thermal and tidal model to identify stable equilib-
rium states where tidal heating balances internal heat transport within a moon. To evaluate
detectability with MIRI, we accounted for uncertainties in both the interior composition
and tidal dissipation parameters, analyzing the proportion of simulated moons that would
exhibit observable signatures. We find that for comparable semi-major axes and eccen-
tricities with the satellites of the Solar System gas giants, Mars-sized exomoons or larger
would be detectable.

Chapter 3: The spectroastrometric detectability of nearby Solar System-like exo-
moons

We continue with Chapter 3, which explores the detectability of THEMs around exoplan-
ets with the method of spectroastrometry. Spectroastrometry uses the spectral variation of
the center of light as a result of an exomoons orbit. We derive an analytic expression for
the signal, and apply this on the detection of THEMs around exoplanets. We determine
the temperatures of THEMs that can be detected with the upcoming ELT, using € Indi Ab
as an archetype. We find that the ELT will be able to detect exomoons comparable in size
to the Solar System moons of moderate temperatures. In addition, Mars-sized icy moons
can be detected in nearby systems with the method of spectroastroemtry. Thus, with this
method we are sensitive to much colder exomoons with temperatures that are closer to
those of Solar System satellites.

Chapter 4: Direct detectability of tidally heated exomoons by photometric orbital
modulation

In Chapter 4 we model the effect of hotspots, like the ones observed on Io, on the de-
tectability of THEMs, deviating from the assumption of a uniformly distributed surface
temperature, that was taken in the two previous chapters. We introduce the method of
photometric orbital modulation for the detection of THEMs. As a moon orbits its host,
inhomogeneously distributed volcanic features or hotspots cause a photometric variability
on the signal of a planet-moon system. The periodicity of this signal introduces a distinct
feature in the frequency domain of the system’s time-variable flux. In this Chapter, we
investigate the properties of THEMs that would make them observable with JWST around
IMPOs. For Mars-sized exomoons, this applies to system distances of up to 10 pc, while
Earth-sized exomoons can be detected at even greater distances. lo-sized exomoons may
be detectable in extremely close systems, and when hotspot temperatures are on the higher
end of the spectrum of the assumed temperatures. Notably, this approach is applicable to
non-transiting orbital inclinations, and thus, expands the range of detectable exomoons
around IPMOs.

Chapter 5: Modeling the interiors of Trappist-1f, g, h: Tidal Heating, Subsurface
Oceans, and Cryovolcanic Activity

We finish the scientific part of this thesis with Chapter 5, where we expand our research
on extrasolar volcanism, focusing this time on potentially icy exoplanets. In this Chapter
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we investigate the internal heating of Trappist-1f,g, and h, and its effect on the thermal
state of their interior. We use models previously used to describe the thermal structure
and heat generation on Solar System icy moons, and draw conclusions on the equilibrium
thermal states of the planets. We find that if the Trappist-1f and h planets have a subsur-
face water ocean underneath, they likely posses a thin ice shell, with thicknesses between
~ 4 and 10 km. We also explore whether the internal heat generation is sufficient to drive
detectable cryovolcanic activity. We do so for a configuration where the outgassing is
evenly distributed over the surface, and one where gayser-like plumes are concentrated at
one pole of the planet. The most optimistic volcanic configurations would require a JWST
campaign lasting over a decade. We suggest that the community focus on exploring other
planets to observe cryovolcanic activity.

I conclude this introduction with an outlook on the future of exomoon detection. Al-
though no exomoon detection has been confirmed yet, the field of exoplanet research has
advanced rapidly over the past decades. Cycle 3 of JWST has included proposals aimed
at detecting exomoons; one around a long-period Kepler planet (Cassese et al., 2024), and
an Earth-Moon analogue (Pass et al., 2024). With the next generation of telescopes and
improved modeling techniques, we may soon achieve exomoon detections. However, it
may take some time until the field of exomoons becomes as fruitful in discoveries and as
routine as exoplanet detections are today. The path of discovery is hard to predict, and the
diversity of worlds that may be revealed in the future might surprise us, and exceed our
expectations, if past discoveries are any indication. In any case, detecting and character-
izing exomoons will have a profound impact, as we will gain new insights of planetary
systems and the potential for life beyond Earth.
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