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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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Selected Moons of the Solar System, with Earth for Scale
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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) c¢) 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.

a) b) 1000k
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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))).

9 /
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 (7). 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 lo’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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2 Tidally Heated Exomoons around e Eridani
b: Observability and prospects for charac-
terization

Adapted from
E. Kleisioti, D. Dirkx, M. Rovira-Navarro, and M. A. Kenworthy
Astronomy € Astrophysics, 675, A57 (2023)

Context. Exomoons are expected to orbit gas giant exoplanets just as moons orbit Solar
System planets. Tidal heating is present in Solar System satellites, and it can heat up their
interior, depending on their orbital and interior properties.

Aims. We aim to identify a tidally heated exomoon’s (THEM) orbital parameter space
that would make it observable in infrared wavelengths with MIRI/JWST around € Eridani
b. We study the possible constraints on orbital eccentricity and interior properties that a
successful THEM detection in infrared wavelengths can bring. We also investigate what
exomoon properties need to be independently known in order to place these constraints.
Methods. We used a coupled thermal-tidal model to find stable equilibrium points be-
tween the tidally produced heat and the heat transported within a moon. For the latter,
we considered a spherical and radially symmetric satellite with heat being transported via
magma advection in a sublayer of melt (asthenosphere) and convection in the lower man-
tle. We incorporated uncertainties in the interior and tidal model parameters to assess the
fraction of simulated moons that would be observable with MIRI.

Results. We find that a 2R;, THEM orbiting € Eridani b with an eccentricity of 0.02
would need to have a semi-major axis of 4 planetary Roche radii for 100% of the sim-
ulations to produce an observable moon. These values are comparable with the orbital
properties of the satellites of the Solar System gas giants. We placed similar constraints
for eccentricities up to 0.1. We conclude that if the semi-major axis and radius of the
moon are known (e.g., with exomoon transits), tidal dissipation can constrain the orbital
eccentricity and interior properties of the satellite, such as the presence of melt and the
thickness of the melt-containing sublayer.
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2.1 Introduction

Since all giant planets in the Solar System host moon systems, it is plausible that exo-
moons orbit exoplanets as well. Even though detection techniques have shown tremen-
dous success in identifying over 5000 exoplanets, exomoon detection is more challeng-
ing because the deviation on the exoplanet’s signal caused by their presence is relatively
small. However, progress in observational astronomy has made the detection of exomoons
a possibility for the near future (Lazzoni et al., 2022; Teachey &Kipping, 2018; Heller,
2017; Heller et al., 2016).

Several indirect and direct methods have been proposed for the detection of exo-
moons. Indirect detection methods study the effect that a moon has on a planet’s signal.
These methods include Transit Timing Variations (TTV; Kipping, 2009; Simon, A. et al.,
2007; Sartoretti &Schneider, 1999), Transit Duration Variations (TDV; Kipping, 2009),
and other photometric effects on the stellar signal (Heller, 2014), centroid shifts (Agol
et al., 2015), and Doppler monitoring of directly imaged exoplanets (Ruffio et al., 2023;
Vanderburg et al., 2018) caused by the gravitational interaction between the planet and
its companion. Other methods for exomoon detection include dynamical sculpting of the
circumplanetary disk (Kenworthy &Mamajek, 2015) and the detection of planet-satellite
mutual eclipses (Cabrera, J. &Schneider, J., 2007).

Though there have been several tentative detections (see e.g., Kipping et al. (2022);
Oza et al. (2019); Teachey &Kipping (2018); Kenworthy &Mamajek (2015)) and despite
the numerous known exoplanets and the surveys searching for companions around them
(Kipping et al., 2022, 2012), no exomoon detection has been confirmed yet. Apart from
being due to their small signal, this may also be due to the biases of detection methods
to detect exoplanets closer to their host star, meaning that any potential satellite would
be stripped off during the planet’s migration (see e.g., Dobos et al. (2021); Trani et al.
(2020)).

Direct imaging, which is sensitive to young exoplanets further out from their host
star, could offer an observational window to far out systems. Only recently, Benisty
et al. (2021) directly imaged the thermal emission from a circumplanetary disk at sub-
millimeter wavelengths in the PDS 70 system, a strong prerequisite for exomoon forma-
tion. Direct imaging of tidally heated exomoons (THEMs) is challenging because, except
for the need to suppress the star’s light, the final signal contains both the flux from the
moon and the planet. However, THEMs (Limbach &Turner, 2013) can be brighter than
their host planet’s signal in some infrared bands, due to tidal interactions between the
exomoon and the host planet. A direct detection via thermal spectral energy distribution
(SED), in contrast to other proposed methods such as transits, does not rely on a specific
satellite orbital phase nor require multiple observations. This method offers a detection
window for exomoons around gas giant planets at distances of several tens of astronomi-
cal units from the parent star. The method can also directly measure the flux emitted from
the surface, which under the assumption of thermal equilibrium can be equal to the tidal
heat flux produced in the interior. Even though the mass of the satellite is not measurable
via this method, the advantage of constraining the tidally generated flux can offer possi-
bilities for characterization because the latter depends on the interior structure and orbital
properties of the moon.
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Tidal models with a broad range of complexity have been used to model Solar System
bodies and moons (Rovira-Navarro et al., 2022; Steinke et al., 2020; Bierson &Nimmo,
2016; Castillo-Rogez et al., 2011; Hussmann &Spohn, 2004; Fischer &Spohn, 1990;
Reynolds et al., 1987) and have already been applied to exoplanets (Barr et al., 2018;
Shoji &Kurita, 2014; Henning et al., 2009). For the first time, Dobos &Turner (2015)
modeled THEMs while taking into account viscoelasticity, a characteristic that describes
the tidal response of the material making up the interior of planetary bodies. Rovira-
Navarro et al. (2021) used a coupled thermal-orbital evolution model and compared the
effect that different rheological models have on THEM surface temperatures while study-
ing their longevity. Finally, Jiger &Szabd (2021) took into account the presence of a
hotspot on the surface of homogeneous THEMs without melt and modeled the increased
radiation in thermal wavelengths to infer detectability.

In this work, we study the effect of tidal heating on the direct imaging observations of
exo-los. We define an exo-Io as an exomoon with the same density and interior structure
as the moon o, that is, with a thin, melt-containing asthenosphere beneath the lithosphere
(Moore, 2001). We use models developed to describe Io’s tidal heat flux (Rovira-Navarro
et al., 2021; Moore, 2003) and apply them to THEMs with the assumption of thermal
equilibrium. We use € Eridani b as a test case for a potential host planet. The exoplanet
€ Eridani b is a close-by gas giant with a distance of 3.2 parsec (MacGregor et al., 2015)
and a minimum mass of 0.65 - 0.78 M, (Rosenthal et al., 2021; Llop-Sayson et al., 2021;
Mawet et al., 2019), making it a plausible host to relatively large satellites (Canup &Ward,
2006). In Section 2.2, we explain the tidal-thermal model and the interior structure used
in this work as well as the algorithm that solves for the surface temperature of moons
in thermal equilibrium. In Section 2.3, we describe how we define an observable moon
around € Eridani b. In Section 2.4, we present the orbital-interior configurations that
would lead a THEM around € Eridani b to be detectable with MIRI under the assumptions
of our model. We then extend this analysis through a sensitivity analysis of the various
free parameters of our interior model, which allows us to quantify the interior constraints
a detection may provide. Finally, in Section 2.5, we discuss possible ways to validate our
analysis; factors that could affect the interpretation of our results, such as the presence of
moon atmospheres and different moon sizes; and exomoon constraints that our method
can yield in combination with other exomoon detection methods.

2.2 Models

To evaluate a THEM’s detectability and infer its surface heat flux, we used an interior
model that describes the moon’s layers and heat transfer mechanisms and a tidal model
that calculates the tidal dissipation given the interior structure and orbital parameters. A
schematic overview of how these two models interact is given in Figure 2.1.

We modeled THEMs using models initially developed to describe Io’s interior, which
have been shown to be compatible with Io heat flux observations (Spencer et al., 2000;
Veeder et al., 1994). In our model, we assumed a metallic core, a solid silicate mantle, and
a partially molten sublayer of melt beneath a stiff lithosphere. The moons are assumed to
be spherically symmetric, and the properties of each layer are uniform. We assumed that
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Melt formation

Orbital parameters

Tidal model; :
Interior mode| [ Im(kz2) S Equation 1

Thermal Equilibrium

Heat transferred — Heat generated

Figure 2.1: Feedback between the heat transfer and the tidal models. The interior structure
affects the Im(k,) value, which the tidal dissipation depends on. High tidal dissipation
can cause the formation of melt, leading to a new sublayer (new interior structure; see
the black arrows in the upper part of the plot). Thermodynamic equilibrium is reached
when the moon’s interior transfers the same amount of heat as what is generated via tidal
interactions (see the grey arrows in the lower part of the plot).

tidal heat is generated in the deep mantle and asthenosphere (viscoelastic layers) and that
the lithosphere behaves elastically. Our model implementation was adapted from Rovira-
Navarro et al. (2021). In the following subsections, we introduce both the interior and
tidal models we used.

2.2.1 Interior model

We assumed that different heat transfer mechanisms are present in the interior layers of the
exo-los (see Figure 2.2). The heat that is generated through tidal friction in the viscoelas-
tic layers (mantle, asthenosphere) is ultimately emitted via radiation from the surface. We
assumed that the heat is transported via convection in the lower mantle and via conduction
in the stiffer lithosphere, compatible with bodies in a stagnant lid regime (e.g., Reese et al.
(1999); Schubert et al. (1979)).

For high tidal heating rates, the interior temperature rises and a partially molten sub-
layer, the asthenosphere, forms beneath the moon’s lithosphere. As introduced by Moore
(2001), we modeled the heat transport in the asthenosphere with melt segregation. This
model successfully describes [o’s current state. If no melt segregation is assumed, convec-
tion alone cannot explain the observed heat flux of Io when assuming thermal equilibrium
(Moore, 2003). As such, the exo-los discussed in our work are modeled with the same
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Conduction

Melt segregation

/ Convection

Figure 2.2: Interior layers and the corresponding heat transfer mechanisms assumed in
our model.

mechanism.

Overall, the parameters of our interior model are shown in Figure 2.3. We assumed a
core of radius R, equal to 0.52 X R (Anderson et al., 1996), where R is the moon radius,
with density p.; a mantle with density p,,; a shear modulus ,,; solidus viscosity 7;,,;
and a temperature T,,. The dependence of the mantle viscosity (7,,,) on the temperature
was parameterized with the activation energy E, (Equation 2.1a). The asthenosphere’s
viscosity (17,) also depends on the presence of melt through the B parameter, as shown
in Equation 2.1b (Mei et al., 2002). Finally, the melt segregation is a function of the
permeability exponent n and the scale velocity 7.

E, (T
M = ns,mesz(Rg;s (T—; - 1)) (2.1a)
E, (T,
" = Do =~ 1 -B¢,), 2.1b
Na = 15, eXP(RgTS(Tm ))exz)( be) (2.1b)

where R, is the ideal gas constant, ¢, is the melt fraction of the asthenosphere, and T,
is the average of the mantle solidus temperature. The input values used can be found in
Table 2.1. Table 2.3 shows the parameters included in our sensitivity analysis (see Section
2.4.2).

The interior model output parameters, which were obtained once thermal equilibrium
was reached (also listed in Table 2.2), consist of the asthenosphere thickness (%,) and
the melt fraction needed to transfer 0, heat via melt segregation for a value of 7,,. The
material properties that make up the moon’s interior are temperature dependent. Thus,
all the output parameters listed in Table 2.2 and Figure 2.3 are a function of 7,,. Rovira-
Navarro et al. (2021) explain the interior properties’ dependency on the melt fraction and
temperature in detail, and they include a detailed description of the heat transfer model
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Figure 2.3: Input and output parameters used in the thermal model. Descriptions of these
values can be found in Tables 2.1, 2.2 and 2.3.

Table 2.1: Interior parameters — Inputs.

Parameter Symbol  Value Units
Core radius R, 0.52 X R
Mantle density O 3542 kg m™3
Core density Pe 5150 kg m™3
Activation energy E, 300 kJ mol™!

(including convection and conduction). We highlight that when the mantle temperature
crosses a threshold, which corresponds to the fraction of melt in the asthenosphere rising
above 0.45 (Moore, 2003), the rheology of the mantle is no longer adequately described
using viscoelasticity and is more accurately portrayed as a magma ocean, a regime that
is not modeled in our work. We only discuss the relevance of a magma ocean regime
qualitatively in terms of detectability.

2.2.2 Tidal model

The amount of tidal heat dissipated in the interior of a moon with zero obliquity is given
through (e.g., Segatz et al. (1988); Makarov &Efroimsky (2014)):

(nR)® ,

G
where 7 is the mean motion, e the orbital eccentricity of the satellite, and G the universal
gravitational constant. We assumed synchronous rotating moons and performed simula-
tions for eccentricity values up to 0.1. For larger eccentricities, high-order terms (O(e*))
must be taken into account since Equation 2.2 is accurate until the second eccentricity
order (Renaud et al., 2021). We assumed that the moon has zero obliquity, close to Io’s

E = —%Im(kz) (2.2)
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Table 2.2: Interior parameters — Outputs.

Parameter Symbol
Asthenosphere melt fraction Do
Asthenosphere thickness he
Asthenosphere viscosity N
Asthenosphere shear modulus Ua
Mantle viscosity M
Mantle temperature T

(Baland et al., 2012), and thus we did not take it into account in the calculation of the total
amount of tidal heat generated.

The imaginary part of the k, Love number, Im(k,) describes the deformation of the
moon’s gravity field due to the tidal interactions with the planet. It depends on the interior
structure, properties, rtheology of the moon, and the moon’s orbital period (Segatz et al.,
1988). Efforts to obtain Im(k,) for Io (Lainey et al., 2009) with astrometric observations
constrained it at 0.015 +/- 0.003.

Equation 2.2 demonstrates how the tidally generated heat flux of a moon depends on
the orbital properties of the satellite. Self-luminous exomoons closer to the host planet and
with higher orbital eccentricity would produce higher tidal heat fluxes, which is favorable
to their observability.

Different approaches to Im(k,) calculation

A simplistic approach to calculate the imaginary k, Love number assumes that Im(k;) =
% = constant, where Q (tidal quality factor) quantifies the fraction of the orbital energy
that is dissipated per orbit due to friction. This parameter is not well constrained, however
rocky bodies are expected to have values from 10 to 500 (Goldreich &Soter, 1966). Such
an approach, does not take into account the feedback between the thermal state of a planet
and its response to tidal forces. In addition, it does not consider the tidal quality factor’s
dependency on the orbital period of the satellite (Renaud &Henning, 2018). It has also
been found to underestimate tidal heat production (see eg. Meyer &Wisdom (2007);
Dobos &Turner (2015)).

Another approach, which has been widely used for Solar System moons (Fischer
&Spohn, 1990; Hussmann &Spohn, 2004), is to model tidal dissipation using the vis-
coelastic theory for self-gravitating bodies (Peltier, 1974; Sabadini R., 2016), where a
rheological law is needed to couple stress and strain. This method allows for the incor-
poration of the material properties’ temperature dependence (eg. Karato &Wu (1993)).
The most simple viscoelastic model is the Maxwell model. The value of Im(k,) is closely
related to the Maxwell time (Z). When the tidal period is close to this value, tidal dissi-
pation reaches its maximum. For periods longer than what corresponds to the Maxwell
time, the moon responds as a viscous fluid and for shorter tidal periods, as an elastic body.
This approach has also been implemented for the study of exoplanet tidal responses (Shoji
&Kurita, 2014; Henning et al., 2009; Barr et al., 2018).
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A viscoelastic approach to describe tidal heating in exomoons was used for the first
time by Dobos &Turner (2015). They implemented the Maxwell viscoelastic model,
which, however, does not accurately describe the laboratory behavior of olivine (Jack-
son &Faul, 2010) and does not take into account the anelastic transient creep response
over timescales shorter than the Maxwell time. The transient creep is described as a
regime where the strain rate is a function of time. On the contrary, the (more) advanced
Andrade rheological model (Andrade, 1910) adopts this behavior and is more realistic.
The Andrade model has been used in studies of Solar System bodies (Castillo-Rogez
et al., 2011; Bierson &Nimmo, 2016) and exoplanets (Renaud &Henning, 2018; Wal-
terovd &B¢&hounkovd, 2020). Renaud &Henning (2018) found significantly higher tidal
heating when assuming Andrade rheology for Io-like moons, thus the incorporation of it
— instead of the Maxwell one — has implications on THEM detectability.

Calculation of Im(k,)

We used the viscoelastic theory for self-gravitating bodies and incorporated the Andade
model to calculate Im(k;). The tidal response of the moon can be obtained by solving
the equations of motion for the deformation of each layer in the Fourier domain, via
the correspondence principle (Peltier, 1974). The latter results in a set of differential
equations that describe the deformation of each layer.

To solve the differential equations and obtain the gravitational potential at the surface,
we used the propagator matrix technique (Jara-Orué & Vermeersen, 2011; Sabadini R.,
2016) and the Andrade rheological law. For more details on how we solved the propaga-
tor matrix technique, see Appendix A of Rovira-Navarro et al. (2021). The viscoelastic
response of the material in each layer depends on the shear modulus g and viscosity 7.
The Fourier transformed shear modulus i is related to the creep function J, which for the
Andrade law is (Efroimsky, 2012):

-1 (2.3)

. a—1
uoonqno (i{nn)®

=
1]
—_

<

a! (2.4)

The transient creep response is modeled in the last term of equation 2.4 and is de-
scribed by two parameters { and @. We assumed that { = 1 for the rest of our work. For
assumptions on a, see Section 2.4.2.

2.2.3 Thermal equilibrium

The tidal model describes the heat that is generated through tidal interactions, and the
heat transfer model simulates how this energy is transferred through the different layers
of the interior. The two models are not independent but interact with each other through
feedback (Figure 2.1, upper part). An Im(k,) value corresponds to a particular interior
structure but also affects the amount of tidal dissipation that is produced (Equation 2.2)).
For high values of tidal dissipation, the interior temperature increases, and consequently
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the interior properties, layers, and melt fraction change. This means that the interior
structure is modified, affecting the Im(k;).

Therefore, equilibrium is reached once the amount of heat emitted from the moon’s
surface into space is equal to the amount of heat that is generated (Figure 2.1, lower part).
Henning et al. (2009) showed that significantly tidally active planetary bodies achieve
thermal equilibrium in a few million years. The overall thermal equilibrium equation that
we solve for is:

Qiia — Q5 =0, (2.5)

where Q; is the surface heat flow and Q;, is the internal heat production. The value of 0,
was computed via the equations for melt segregation presented in Moore (2003) and Q;iy
via Equation 5.5.

In thermal equilibrium, the average surface temperature T, s can be calculated by
Stefan-Boltzmann law:

(1-A)S
qs+ ——
4 4
Tsurf = o ’ (26)

where o is the Stefan-Boltzmann constant, g; is the equilibrium surface heat flux (where
gs = Q,/(4nR?), A is the moon’s bond albedo (assumed equal to Io’s), and S is the stellar
irradiation. For € Eridani, this corresponds to 0.34 X Lg,, (Saumon et al., 1996), where
L, is the solar luminosity. The second term of Equation 2.6 describes the heat flux that
is not reflected by the moon’s surface and is thus taken into account in the thermal budget.

Thermal equilibrium points were defined as the intersections of the tidal heat and
the transferred heat (i.e., the heat generated and the heat advected to the surface of the
moon). These points can be stable or non-stable (Moore, 2003), as shown in Figure
2.4. At a stable equilibrium point, a temperature increase would lead to a higher heat
advection rate compared to the heat generation one. The moon, thus, tends to restore its
equilibrium. The reversed scenario is described by a ZTQ, < %’,’ In this case, a slight
increase in the interior mantle temperature would drive the moon out of equilibrium since
the heat production would exceed the advection capabilities of the moon, warming up
the interior (Figure 2.4). High temperatures coming from formation would potentially
make the moon approach Figure 2.4 from the right side of the graph. This is a favorable
condition for the moon to reach the higher stable equilibrium states first, such as the
warmer stable equilibrium point.

In this work, we present results for the stable equilibrium points that correspond to
higher temperatures. Scenarios where the moon would reach the lower stable equilibrium
point exist (e.g., going out and in a mean motion resonance — see Fuller et al. (2016));
however, studying these cases was beyond the scope of this work, which is mainly focused
on assessing whether and for what interior and orbital properties putative THEMs could
reach temperatures that allow for observations and under what assumptions we can place
constraints on their properties.
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Figure 2.4: Generated tidal heat flux as a function of the mantle temperature (7,,) and the
log of the asthenosphere’s (17,) and mantle viscosity (77,,). Stable and non-stable equilibria
points are shown as black and gray dots, correspondingly. At a non-stable equilibrium
point, a deviation in the mantle temperature drives the moon out of equilibrium, whereas
a body at a stable thermal equilibrium state tends to restore its equilibrium. The tidal heat
flux was calculated for a moon with a semi-major axis of a = 6.59 Roche radii, e = 0.02,
a = 0.5, and B = 30 with the rest of the sensitivity parameters set to their nominal values
(Table 2.3)

2.3 Observability

In this section, we define what we consider to be an observable moon around € Eridani
b. Figure 2.5 shows the expected star, planet, and moon fluxes in this system. The exo-
planet € Eridani b was indirectly detected through radial velocity with a mass of ~ 0.65M,
(Rosenthal et al., 2021; Llop-Sayson et al., 2021). The planet’s spectrum was approxi-
mated via the models for young gas giants of Spiegel &Burrows (2012), assuming no
clouds, 500 Myr age, 1 M}, and solar metallicity (e Eridani b: -0.04 dex; Rosenthal et al.,
2021). The star’s SED is shown as a black body of temperature 5084 K (Kovtyukh, V.
V. et al.,, 2003). In some wavelength regions, the flux of the THEM surpasses that of the
planet — for a 270K exomoon, these regions are at 3.6 and 6 microns, and widen signifi-
cantly at higher exomoon temperatures.

The instrument MIRI is equipped with four coronagraphs: one Lyot and three four-
quadrant phase masks (4QPMs; Boccaletti et al., 2022). Of these, the 4QPMs have
the smallest achievable inner working angles (IWAs), between 0.33 and 0.49 arcseconds
(Boccaletti et al., 2015). For a semi-major axis of 3.5 AU (Llop-Sayson et al., 2021),
the planet has a separation of ~ 1.09 arcseconds from its host star, which is outside of the
inner working angle of the 4QPM coronagraphs. Boccaletti et al. (2022) measured the on-
sky performance of MIRI’s coronagraphs and concluded that post-processing techniques
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can bring the final contrast down to the background and detector limited noise floor at
separations larger than one arcsecond. Future instruments, like METIS (Brandl et al.,
2021), are expected to reach even smaller contrast ratios.

We therefore define a "detectable exomoon" as the coldest exomoon that reaches the
100 point source detection limit for MIRI in a 10,000 second integration at € Eridani’s
distance of 3.2 parsecs (MacGregor et al., 2015). The average moon surface tempera-
ture in our model is calculated through Equation 2.6 and represents the theoretical total
thermal output of the moon, assuming no localized variations due to volcanic activity or
hotspots on the surface. Figure 2.5 shows that this limit is reached for an average surface
temperature of 270 K for a 2R;, exomoon orbiting € Eridani b. Moons of the same size
with a higher effective temperature are also considered detectable.

The moon’s thermal flux could be constrained from observed excess of heat flux at
different wavelengths where the planet is not expected to be bright, for example, at water
or methane absorption bands. It is beyond the scope of this work to disentangle the moon’s
signal from the planet’s in specific observational bands. Rather, our goal is to assess the
detectability and orbital-interior configurations that can lead to observations. The use of
different planetary atmosphere models could also potentially affect the combined planet-
moon flux measured. We ignored any effect the latter would have in disentangling the
putative detected flux in its planet and moon components.

107- € Eridani

—— ¢ Eridani b

10° . 570K, 2Ri

103 —— 470K, 2R,
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Figure 2.5: Fluxes of hypothetical 2R;, moons around € Eridani b. The black lines are the
10 o and 10,000 second detection limits for MIRI (Glasse et al., 2015). The planet model
(Spiegel &Burrows, 2012) is shown in gray. The red and purple lines correspond to the
black bodies of a 270 and 470 K 2 X R}, exomoon, and the yellow dashed line corresponds
to the black body of the star.
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2.4 Results

In this section, we explore how interior and orbital parameters could be constrained if
the thermal heat flux of a THEM was known. We first explore how this could be known
if our model was perfect and all the free parameters were well determined. Thus, the
first subsection refers to results obtained assuming the nominal values of Table 2.3. We
then take into account modeling parameter uncertainties to explore how constraints can
be placed, as shown in Section 2.4.2.

2.4.1 Interior structure dependence on orbital properties

Figure 2.6 shows the resulting surface temperatures using the models from Section 2.2 for
a 2R;, exo-lo in a stable thermal equilibrium state as a function of the moon’s semi-major
axis a and orbital eccentricity e. For moons with the same density as Io, this corresponds
to 8Mj,. Satellite formation theories indicate an upper limit of M,o0n/M pianer = 1074
(Canup &Ward, 2006). According to this limit, exomoons of such mass could be found
around 1.1 M, planets or higher. This is compatible with the € Eridani b minimum mass
between 0.65 and 1.55 M, (Rosenthal et al., 2021; Hatzes et al., 2000). We focused our
analysis on exomoons of the same size because the moon’s radius needs to be constrained
in order to derive any interior and orbital conclusions with our method. The way to
constrain the moon’s radius, as well as the implications it has on the interpretation of our
results, is further discussed in Sections 2.5.2 and 2.5.3.

Tidal interactions between a host exoplanet and the modeled exomoons could heat
their surface temperature up to the order of 600K for the shown ranges of orbital param-
eters (Figure 2.6). Moons experiencing such an amount of tidal heating would be in a
magma ocean regime (see below). The values of a and e that would make a Super-Io
reach MIRI’s detection limit (Section 2.3) are demonstrated with the 270 K isotherm,
which divides Figure 2.6 into two areas: "detectable" and "non-detectable" moons. For
example, a THEM orbiting epsilon Eridani b at 5.5 Roche radii would need to maintain
an eccentricity higher than 0.009 to be detectable with MIRI. This value is of comparable
magnitude to Solar System moons in mean motion resonance (MMR).

Figure 2.6 can thus be used to predict surface equilibrium temperatures of THEMs un-
der the assumptions of our model (see Tables 2.1, 2.3). The dark red area defines the area
of the parameter space for which the melt fraction of the mantle exceeds 0.45 (Moore,
2003). When this excess occurs, the asthenosphere behavior resembles a magma ocean.
We note that tidal dissipation in such a regime is largely unstudied and depends on poorly
constrained parameters. Super-lIos with orbital characteristics that fall within this area
produce higher tidal heat rates than what their interiors can advect, either through convec-
tion or heat piping. As a result, they are in a "magma ocean" state where they reach the
limits of our models since liquid tides Tyler (2011) or poroviscoelasticity Rovira-Navarro
et al. (2022) would need to be considered. Nevertheless, such moons would be detectable
(under our assumptions) since their surface would reach higher temperatures than those
with lower asthenosphere melt. Because all moons with asthenosphere properties on the
boundary of a magma ocean are detectable, moons with a magma ocean would be as well.
Such moons could reach warmer thermal equilibrium states with a more efficient heat



Tidally heated exomoons around € Eridani b 39

500

~

(<))
w
o

(S
N
©

Semi-major axis (Roche radii)
Orbital period (hours)

I

10-3 1072 1071
Orbital eccentricity

Figure 2.6: Surface equilibrium temperature of a 2R;, THEM as a function of its or-
bital eccentricity (e) and semi-major axis (a). The black dot indicates Io’s current orbital
parameters. The nominal values of the interior parameters that we used are presented
in Table 2.3. The 270K isotherm divides the parameter space into detectable and non-
detectable exomoons.

transport mechanism (convection in low viscous layer; (Solomatov, 2007). They could
also still be approaching thermal equilibrium at the moment of detection, radiating excess
heat (e.g., from formation).

In Figure 2.11a and b, the surface temperature and Im(k,), respectively, of a Super-Io
orbiting its host star at 4.65 Roche radii are plotted as a function of its orbital eccentricity.
An assumption of a constant Im(k,) would lead to significantly different results compared
to the correspondence principle technique. Calculating Im(k,) via the correspondence
principle technique, as is done in this work, can affect our interpretation of whether an
exomoon is detectable or not. For example, for the studied moon and a semi-major axis
of 4.65 Roche radii the equilibrium, Im(k,) can change by a factor of ten, depending on
the eccentricity (See Figure 2.11b, blue line). From Equation 2.6, this difference would
correspond to a calculated temperature that is off by 500 K, a temperature difference that,
as seen in Section 2.3, can define whether a moon is observable.

The value of Im(k,) provides a direct link between an exomoon observation with its
interior structure and could be used to draw conclusions on the interior properties shown
in Table 2.2. Figure 2.7 shows two different equilibrium interior structures that corre-
spond to eccentricities of 0.004 and 0.02 and a semi-major axis of 4.65 Roche radii. The
two different eccentricities have equilibrium surface temperatures of 270K and 470K, re-
spectively. The Im(k;) of the 470K exo-Io is approximately twice as high as the 270K
exomoon, for a semi-major axis of 4.65 Roche radii.

Given that moons would reach stable thermal equilibrium at different tidal heat rates
for each pair of a and e, figures similar to Figure 2.6 can be produced for every inte-
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Figure 2.7: Two different equilibrium interior structures for a = 4.65 Roche radii. The
one on the left (¢ = 0.004) has a thinner asthenosphere compared to the one on the right
(e = 0.02), resulting in a smaller Im(k,). The parameter symbols are explained in Table
2.2.

rior property in Table 2.2. Figure 2.8 shows how the melt fraction of the asthenosphere
changes with varying semi-major axis and eccentricity. Jiger &Szabé (2021) modeled
THEMs with one hotspot, assuming a non-homogeneous heat flux distributed among their
surface. Such hotspots enhance detectability in thermal wavelengths. While our model
does not take this into account, we highlight that the various hotspots of a THEM could
be used to place constraints on its orbital period, based on the variability of the signal that
the hotspots would induce in direct imaging observations.
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Figure 2.8: Asthenosphere melt fraction (¢,) of stable thermal equilibrium states of exo-
Tos as a function of their orbital eccentricity and semi-major axis.
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If the surface temperature and semi-major axis are known, the moon’s eccentricity
(Figure 2.6) and interior properties (Figure 2.8) can be inferred because a surface temper-
ature value corresponds to one stable equilibrium Im(k,) value for a given eccentricity.
In other words, the surface temperature of a putative exomoon with a given semi-major
axis and interior structure would be a function of the orbital eccentricity. The blue lines
in Figure 2.11 show how for a semi-major axis of 4.65 Roche radii the inferred surface
temperature (Figure 2.11a) and the interior properties (Figure 2.11b,c,d,e,f) change with
the orbital eccentricity. Since some interior properties exhibit uncertainties, we performed
a sensitivity analysis to asses whether and to what extent constraints on the orbital eccen-
tricity and interior can be placed with a putative heat flux observation.

2.4.2 Orbital and interior constraints from observations

To summarize Section 2.4, our coupled tidal-thermal analysis can relate the surface heat
flux of putative exo-los with the corresponding equilibrium Im(k,) values for a given
moon’s semi-major axis. This also means that constraints on the interior equilibrium
states could possibly be deduced. Given a semi-major axis, a single solution for the
orbital eccentricity exists when assuming the nominal values of Table 2.3. However, the
values of the parameters in Table 2.3 are not known exactly, and thus their uncertainty
needs to be incorporated in the conclusions that can be drawn with our model.

In this section, we present the results of this analysis when varying the parameters
presented in Table 2.3 for the shown number of points and ranges. We obtained surface
equilibrium temperatures as well as the corresponding interior parameters in Table 2.2
with the goal to assess i) how a surface temperature alone can constrain the moon semi-
major axis and eccentricity; ii) the fraction of simulations for a given eccentricity and
semi-major axis that lead to an observable exo-Io; and iii) the constraints in the interior
properties and the orbital eccentricity if the surface temperature and the semi-major axis
are known.

For all three purposes, we varied the mantle shear modulus from 2 x 10°(Steinke et al.
(2020)) to 6.5 x 10'°Pa, which corresponds to the end case of a mantle shear modulus
equal to the lithospheric one, assuming no melt (Segatz et al., 1988; Peale et al., 1979).
The Andrade parameter a can take values from 0.1 - 0.5 for olivine (Gribb &Cooper,
1998), while the melt fraction coefficient can take values from 10 - 40 (Henning et al.,
2009). Finally, we varied the parameters that control the magma advection between typ-
ical values (17 : 2 — 3 (Moore, 2003), y : 107° — 10~ Katz (2008)). Because the mantle
solidus viscosity is highly uncertain, we varied it by a factor of ten from the commonly
used value of 10'°Pa+ s (Renaud &Henning, 2018; Moore, 2003; Fischer &Spohn, 1990).
We note that higher values of 7, would need to be considered for internal structures with
an asthenosphere melt fraction larger than the threshold melt fraction defined in Section
2.2 (Kervazo et al., 2022). Each set of the sensitivity parameters led to different sta-
ble thermal equilibrium states and thus surface temperatures. The sensitivity parameters
were varied altogether along the discussed ranges. Ultimately, each a and e pair could
result in 720 different equilibrium states.

The influence of the sensitivity analysis on the final equilibrium temperature is demon-
strated in Figure 2.9, where the a and e values that can lead to 270 K (observable with
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Table 2.3: Parameters and their ranges used for the sensitivity analysis.

Parameter Description Nominal value (Section 5) Range (Section 6) Number of points
a Andrade parameter 0.3 0.1-0.5 5
B Melt fraction coefficient 20 10 - 40 4
Hinantle Deep mantle shear modulus 6.5%10'° Pa 2x10° - 6.5 % 10 Pa 3
y Melt scale velocity 107 1070 - 1073 2
n Permeability exponent 2 2-3 2
Nsan Mantle solidus viscosity 10" Pas 105-10'7 Pa s 3

MIRI; Section 2.3) are shown. This already puts constraints on the orbital properties that
a particular heat flux observation would correspond to. For example, an exo-Io with an ec-
centricity of 0.01 and a surface temperature observation of 270 K could be within ~4-7.2
Roche radii away from the host planet in thermal equilibrium.
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Figure 2.9: Range of exo-Io orbital properties that are compatible with a surface temper-
ature of 270K and a radius of 2R;, as a result of the sensitivity analysis.

To assess the fraction of simulations that result in an observable moon, we calculated
the equilibrium surface temperature for the sensitivity parameters’ ranges shown in Ta-
ble 2.3. Each set of parameters led to a different equilibrium state for the same pair of
a, e. If the resulting surface temperature was higher than 270K, we considered the moon
observable (Section 2.3). We then calculated the fraction of the 720 simulated exo-Ios
that are observable for each pair of semi-major axis and eccentricity, and the results are
presented in Figure 2.10. For an eccentricity of 0.02, an exo-Io around € Eridani b would
need to have a semi-major axis of ~4 Roche radii for 100% of the simulations to produce
an observable moon. We note that this eccentricity is about five times higher than that of
Io, and the semi-major axis is around 1.6 times smaller than [o’s semi-major axis.

Incorporating the uncertainties of the sensitivity parameters places more realistic con-
straints on the orbital eccentricity and interior properties for a theoretical T, s and a
detection. Figure 2.11 shows the possible solutions for the interior properties of an exo-Io
orbiting € Eridani b at 4.65 Roche radii as a function of the orbital eccentricity (light blue
shading). The blue lines in the figure panels correspond to the nominal values analysis of
Section 2.4. For an observation of 270K (black dotted lines) only exo-los with e smaller
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than 0.022 would be in thermal equilibrium. This constraint is looser for higher tempera-
tures. For 470K (red dotted lines) the corresponding range would be 0.01 - 0.1. Moreover,
the constraints on the interior properties become stricter for higher temperatures. For ex-
ample, only bodies with melt fractions larger than 0.1 can explain an observation of 470K
for the given semi-major axis.

As the eccentricity increases the equilibrium surface temperature increases since the
moon experiences more tidal heating. As we approached larger eccentricities, the range
of possible surface temperatures (and the other interior parameters) tightened. This is
because the equilibrium Im(k,) experiences larger variations close to the Maxwell time
(see Figure 2.11b) for the considered range of parameters. The peak of the curve, which
corresponds to the Maxwell time, can be seen for lower eccentricities of the shown semi-
major axis. In the nominal values analysis, the equilibrium structure with viscosity and
shear modulus tuned close to the Maxwell time for a = 4.65 Roche radii forms for an
eccentricity of 0.015.
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Figure 2.10: Fraction of simulations that lead to an observable moon (warmer than 270K
Section 2.3) as a function of the moon’s orbital semi-major axis and eccentricity.

2.5 Discussion

The direct detection of THEMs around exoplanets relies on disentangling the different
fluxes (star, planet, moon) in a system at a given separation. The flux of the moon needs
to be comparable to (if not higher than) the planet’s flux at a selected wavelength band,
and contrast limitations with the star must also be taken into account. In this work, we
focus on modeling the moon’s expected thermal flux, which depends on the amount of
tidal heating that is produced in the moon interior, which is in turn a function of the
interior structure and orbit of the moon.
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The expected tidal heat of THEMs was modeled following a more simplistic ap-
proach regarding tidal interactions and interior modeling by Limbach &Turner (2013).
For the first time, Dobos & Turner (2015) took into account the viscoelastic behavior that
describes the tidal response of the material making up the interior of planetary bodies.
In their work, Dobos &Turner (2015) included the Maxwell viscoelastic approach com-
monly used to model the response of Solar System planetary bodies (Shoji et al., 2013)
as well as in exoplanet science (Barr et al., 2018). They assumed a two-layered body
and convection as the main heat transfer mechanism in the mantle. In our analysis, we
used a coupled thermal-tidal model combined with viscoelastic Andrade rheology, and we
assumed magma advection as the main heat transfer mechanism in a partially molten sub-
layer. The effect of changing the classical Maxwell approach to the Andrade one has been
studied for planetary bodies (Renaud &Henning, 2018; Walterovd &Béhounkova, 2017).
In general, Andrade rheology produces higher tidal heating rates, due to the transient
creep mechanism. This is aligned with our results when compared with Dobos &Turner
(2015), who for a 2R;, moon at Io’s orbital period and an eccentricity of 0.1 found 273 K.
We found an equilibrium temperature above 400K for the same orbital properties.

Tides provide a direct link between the interior and the orbital properties of a plane-
tary body. Observations that can constrain the amount of tidal heat in the interior (e.g.,
thermal flux) combined with accurate modeling of the interior and potentially the or-
bit can be helpful for drawing inferences regarding the system properties of exoplanets
and/or exomoons. Direct observations of THEMs are (the only) direct method of probing
the tidally heated surface. Our analysis shows the effect of tidal heating on the surface
temperature of THEMs. We found regimes of orbital properties where the moon has to
be in a magma ocean state to be able to dissipate the tidally generated heat. As seen in
Figure 2.11, we also found that we can place constraints on interior properties and ec-
centricity depending on the (observed) temperature when given a semi-major axis and a
moon radius. Several approaches to exomoon detection have been proposed in which the
exomoon mass (Kenworthy &Mamajek, 2015; Sartoretti &Schneider, 1999; Vanderburg
et al., 2018; Teachey &Kipping, 2018), radius and semi-major axis (Teachey &Kipping,
2018), and atmospheric properties (Agol et al., 2015; Oza et al., 2019) could be con-
strained. Our work provides a way to infer system properties, such as the orbital eccen-
tricity, and compatible interior structures. Finally a THEM detection would indicate the
likely existence of at least a second moon in resonance since tides would circularize an
isolated moon’s orbit.

In the following sections, we explore some observational and modeling challenges.
These include discussions on longevity, semi-major axis and radius constraints, and more
massive moons that could potentially host an atmosphere. Finally, we explore how our
results could be potentially validated via other observational methods.

2.5.1 Longevity and mean motion resonance

The € Eridani system is a relatively young system (400-800 Myr; Mamajek &Hillen-
brand, 2008; Janson, Markus et al., 2015), and such systems have a potential disadvan-
tage for the direct detection of THEMs, as any planet in them is expected to be warm
from formation. Since the planet-moon contrast also plays a significant role in THEM
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observability, this could (possibly) hinder a detection.

On the other hand, the system’s young age could offer an observational advantage
compared to older systems. In an isolated moon-planet system, tides quickly circularize
the moon’s orbit, and close moons can migrate outward quite fast (Rovira-Navarro et al.,
2021), which limits the observability window. A second moon in resonance can boost the
eccentricity of the first moon and maintain the surface temperature high enough for detec-
tion via tidal heating. In both Jupiter’s and Saturn’s satellite systems, there are currently
MMRs that likely originated with the outward migration of inner satellites, capturing the
outer ones in MMRs (Yoder &Peale, 1981; Dermott et al., 1988). Even though the MMRs
in the Solar System indicate that they are likely prevalent in older systems as well, it is rea-
sonable to assume that MMRs are common in relatively young systems since moons can
be captured in MMRs during their formation (Peale &Lee, 2002; Ogihara &Ida, 2012).

The lifetime of an MMR depends on the mass ratio of the moons, among other param-
eters, and a short-lived resonance could last <200 Myr (Tokadjian &Piro, 2022). Rovira-
Navarro et al. (2021) calculated that an exo-lo with 2R;, could have a temperature higher
than 400K for 10 Myrs (during the early stages of an MMR). This would make such a
moon detectable for 10 Myrs. Thus, if one considers the expected timescale of MMRs,
young systems could potentially serve as good targets for THEM observations.

2.5.2 Combination with other exomoon detection methods:
Constraining the moon radius and semi-major axis

As discussed in Figure 2.11, which describes the possible constraints we can place on
the orbital eccentricity and the interior properties of the moon, we assumed a fixed semi-
major axis and satellite radius. This means that tidal heating can provide constraints on
the interior properties and eccentricity if the orbital period and the size of the satellite are
known. Therefore, the question of how can we constrain these two parameters (and to
what accuracy) in a direct imaging observation appears.

Even though both Llop-Sayson et al. (2021) and Mawet et al. (2019) find inclinations
closer to an edge-on orbit of 78.8 and 89.0, respectively (with large uncertainties), there
is no consensus yet of € Eridani b’s inclination. Nevertheless, we explored possible ways
of constraining the properties in scenarios where a system is closer to being edge-on and
face-on. Since a moon in such a system would not be spatially resolved from the planet it
orbits, its semi-major axis cannot be constrained in the same way the semi-major axis of
a planet is measured in exoplanet direct imaging observations (e.g., Bohn et al., 2019).
However, with time series observations of the same target, plausible constraints on the
moon’s orbital period could be derived. If the system is edge-on (assuming the planet’s
and moon’s orbits are coplanar), the moon would transit the planet, so the task of deriving
the moon’s orbital period would be straightforward. For systems close to a face-on orbit,
one could constrain a moon’s orbital period via the periodicity of the signal coming from
patterns on its surface, as hotspots are expected to be present on the surfaces of THEMs.
Time series observations of an edge-on system can also be used to infer the satellite’s
radius (Cabrera, J. &Schneider, J., 2007).
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Figure 2.11: Computed ranges for the model’s output parameters (Table 2.2) that lead to
exo-los with a = 4.65 Roche radii and a radius of 2 X Ry, in a stable thermal equilibrium.
The blue line corresponds to the nominal values analysis (Section 5). The gray and red
dotted lines respectively show the limits of a 270 K and 470 K surface temperature obser-
vation.
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2.5.3 Larger moons

Though exomoons can be of various sizes and some are even more massive than the ones
seen in our Solar System (Canup &Ward, 2006), the discussed results in this work refer
only to 2R;, exomoons. Since tidal dissipation depends on the moon’s radius, we would
expect larger satellites to reach warmer thermal equilibrium states, especially in interior
regimes with more efficient heat transport than heat piping. However, larger satellites
could be massive enough to sustain a substantial atmosphere (Lammer et al., 2014). In
this case, direct detection of the thermal emission would be hindered, since the outer
atmospheric layer would be relatively colder and detection via spectroscopic signatures
would be more promising (Oza et al., 2019). Nonetheless, we point out that a substantial
atmosphere would redistribute the tidal energy, making the SED resemble a black body
when hotspots on the surface shift the SED to bluer wavelengths (Limbach &Turner,
2013).

2.5.4 Future model validation

In this work we applied models previously used to reproduce Io’s averaged heat flux
(Moore, 2003; Rovira-Navarro et al., 2021) in order to investigate the parameter space,
the resulting mean surface temperatures, and the possible detection of THEMs via direct
imaging. These models have not been yet validated for bodies larger than Io; thus, we
explore possible observations and complementary models that could validate the applica-
bility of our results to the analysis of observations in the future.

The observables that we propose are mostly for quantities that are related to tidally
induced active volcanism. One notable option is the spectral signatures from volcanic
outgassing or hotspots. Oza et al. (2019) introduced a proxy between the amount of
outgassed material, the size, and the tidal heating rate of the body. This means that we
can constrain the tidal heating rate by quantifying volcanically related gases (e.g., sodium,
potassium) with spectroscopy, when given the size of the body. This measurement could
serve as an independent way to deduce the tidal heating rate and, thus, the Im(k,) of the
moon via Equation 2.2.

Hotspots induced by tidal heating in THEMs could also serve as a way to observe
surface inhomogeneities. This has already been applied in exoplanets via single band
photometry (Cowan &Fujii, 2018; Majeau et al., 2012). Since different regions of the
moon’s surface would be visible at different orbital phases, spatial inhomogeneities on
the surface could be inferred. These variations depend on interior properties in tidally
active bodies (Steinke et al., 2020). Thus, one could determine whether possible inferred
inhomogeneities are compatible with the amount of tidal heating induced and the interior
properties assumed. In addition, the presence of hotspots would be a possible way to
constrain the moon’s orbit period (see Section 2.5.2).

Another possible consideration would be validating the calculated Im(k,) through or-
bital constraints, in other words, quantifying whether the Im(k;) is compatible with the
orbital properties of the putative detection. The orbital circularization timescale depends
on the Im(k,) of the moon (Rovira-Navarro et al., 2021). The eccentricity constraints that
our analysis provides and the calculated Im(k;) should be compatible with the system’s
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age. Such an analysis would require different scenarios to be evaluated, including the
possibility for a resonance lock (Fuller et al., 2016) with the planet’s interior, as is likely
in the case for Saturn’s satellite system (Lainey et al., 2020).

Finally, these considerations are not limited to moons but can also be explored in
exoplanets, serving as a way to better understand the mechanism of tidal heating in rocky
bodies (Henning et al., 2009; Renaud &Henning, 2018). Applying the discussed model
to exoplanets and validating the results would offer a bigger observational sample to test
the model’s limits.

2.6 Conclusions

We used tidal and thermal models that describe Io’s observed surface heat flux (Rovira-
Navarro et al., 2021) to investigate the observability of tidally heated exomoons (THEMs)
around € Eridani b. We conclude that for orbital properties of the same order, such as Solar
System satellites (semi-major axis of 5.5 Roche radii and eccentricity of 0.009), a 2Ry,
THEM is detectable around € Eridani b with MIRI. When we took into account uncer-
tainties in the interior properties, approximately 40% of such simulated THEMs reached
a surface temperature high enough to be detectable. However, 100% of our simulations
led to an observable Super-Io for a moon eccentricity of 0.02 and a semi-major axis of
approximately 4 Roche radii. If no significant atmosphere is present, a larger moon would
experience more intense tidal heating, and thus it would also be detectable.

With a successful thermal flux detection, the models we present could place con-
straints on orbital parameters, with the assumption that the satellites are in thermal equilib-
rium. If the satellite’s semi-major axis and radius are inferred (e.g., via exomoon transits),
we can place stricter constraints on the orbital eccentricity and infer interior properties,
such as melt fraction and thickness of the asthenosphere (see also Table 2.2) or whether
the moon is in a magma ocean state. For instance, for detection of a THEM with a surface
temperature of 270K and a semi-major axis of 4.65 Roche radii, the exo-Io would need
to have an eccentricity smaller than 0.022 to be in thermal equilibrium. This constraint is
looser for higher surface temperatures. In addition, only bodies with melt fractions larger
than 0.1 can explain an observation of 470K for this semi-major axis. A number of com-
plementary observations of exomoons and their environments, such as hotspot properties,
volcanic outgassing, and orbital configuration, could be used to test the applicability of
our models after the detection of a THEM.
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3 | The spectroastrometric detectability of nearby
Solar System-like exomoons

Adapted from

Q. B. van Woerkom, E. Kleisioti
Astronomy € Astrophysics, 684, A72 (2024)

Context. Though efforts to detect them have been made with a variety of methods, no
technique can claim a successful, confirmed detection of a moon outside the Solar Sys-
tem yet. Moon detection methods are restricted in capability to detecting moons of masses
beyond what formation models would suggest, or they require surface temperatures ex-
ceeding what tidal heating simulations allow.

Aims. We expand upon spectroastrometry, a method that makes use of the variation of
the centre of light with wavelength as the result of an unresolved companion, which has
previously been shown to be capable of detecting Earth-analogue moons around nearby
exo-Jupiters, with the aim to place bounds on the types of moons detectable using this
method.

Methods. We derived a general, analytic expression for the spectroastrometric signal of
a moon in any closed Keplerian orbit, as well as a new set of estimates on the noise due
to photon noise, pointing inaccuracies, background and instrument noise, and a pixelated
detector. This framework was consequently used to derive bounds on the temperature
required for Solar System-like moons to be observable around super-Jupiters in nearby
systems, with € Indi Ab as an archetype.

Results. We show that such a detection is possible with the ELT for Solar System-like
moons of moderate temperatures (150-300 K) in line with existing literature on tidal
heating, and that the detection of large (Mars-sized or greater) icy moons of temperatures
such as those observed in our Solar System in the very nearest systems may be feasible.
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3.1 Introduction

The Solar System hosts a variety of large moons, presenting environments as diverse and
scientifically interesting as its planets. As the count of exoplanets found so far is in the
thousands, it is natural to ask whether these extrasolar planets hide an equal number of
extrasolar moons. Secondary or population-level effects of such moons have already been
found (e.g. Kenworthy &Mamajek 2015; Hippke 2015; Teachey et al. 2018; Oza et al.
2019; Saillenfest et al. 2023), and so the question is not whether these moons exist, but
rather what they look like, and in what systems and around which planets can they be
found.

The detection and characterisation of such satellites accompanying extrasolar planets
holds the potential to further our understanding of planet formation, evolution, and hab-
itability. Different moon and planet formation scenarios and their outcomes have been
linked to predictions of or requirements on, for example, the time of formation of the
satellites (Cilibrasi et al., 2018), their size and mass relative to their host (Nakajima et al.,
2022; Canup &Ward, 2006; Hansen, 2019), circumplanetary disc (CPD) composition
(Batygin &Morbidelli, 2020; Oberg et al., 2023), host magnetosphere (Canup &Ward,
2006), host mass (Oberg et al., 2023), instellation or host migration history (Heller &Pu-
dritz, 2015a,b), and orbital properties (Li et al., 2020). While the Solar System is host to
a large number of moons, the limited scenario we are presented with cannot conclusively
bear witness to any of these analyses: validation of these formation studies would require
the detection and characterisation of satellites of planets outside the Solar System.

Moreover, moons with the mass of Mars or greater (which are not found in the So-
lar System) are promising targets for habitability studies (Lammer et al., 2014; Williams
etal., 1997; Dobos et al., 2022; Forgan &Dobos, 2016), and the observationally confirmed
existence of subsurface oceans on Titan (Beuthe, 2015; Bills &Nimmo, 2011; Baland
etal., 2011), Enceladus (Beuthe, 2016), among others, and the likely current or past exis-
tence of such oceans on Triton (Nimmo &Spencer, 2015; Schenk et al., 2021; McKinnon
&Kirk, 2014; Gaeman et al., 2012) and other Solar System bodies (e.g. Hussmann et al.
2006; Burnett &Hayne 2023; Rovira-Navarro et al. 2023; Nimmo et al. 2016; Bagheri
et al. 2022; Bierson &Nimmo 2022; Nimmo &Pappalardo 2016) hold promise for the
potential habitability of such worlds, even at sizes observed in the Solar System. This
makes Solar System-like satellites objects of interest concerning habitability in their own
right, not just as extensions of the population of small icy and rocky planets orbiting stars
directly.

Current searches for exomoons are limited primarily to those using transit timing vari-
ations (TTVs) and transit duration variations (TDVs), which can yield orbital and mass
information on the moon (Kipping, 2009a,b; Heller et al., 2014; Teachey et al., 2018,
2020; Fox &Wiegert, 2021; Kipping & Yahalomi, 2022; Kipping et al., 2022). For this
method, unfortunately, the effects of even large moons are degenerate with those pro-
duced by other, potentially unobserved planets in the system (Fox &Wiegert, 2021; Kip-
ping &Teachey, 2020). Consequently, candidate moons are met with skepticism (Teachey
et al., 2020; Fox &Wiegert, 2021; Kipping, 2020; Tokadjian &Piro, 2022), especially
as they have thus far required invoking eccentric formation scenarios (Hamers &Porte-
gies Zwart, 2018; Hansen, 2019; Kipping et al., 2022). Other detection and characterisa-
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tion methods have been proposed, from those directly analogous to those used in planet
detection such as radial velocity measurements of the host planet (Ruffio et al., 2023; Van-
derburg et al., 2018) or transit spectroscopy (Kaltenegger, 2010; Limbach et al., 2021) to
the detection of thermal excesses in direct imaging data (Limbach &Turner, 2013; Kleisi-
oti et al., 2021, 2023) or microlensing (Han &Han, 2002; Han, 2008; Hwang et al., 2018).
These also face major limitations, however. The first two methods, with current instru-
mentation, can unfortunately only detect binary-like satellites in terms of size and mass
(Lazzoni et al., 2022), whereas the third requires exceptional tidal heating rates. Mi-
crolensing detections are isolated events, and therefore are difficult to confirm and cannot
be followed up on.

In this analysis, we build upon previous work by Cabrera &Schneider (2007), who
discussed the possibility of detecting extrasolar satellites by astrometry of the planet or
photometric phenomena induced by mutually eclipsing and dimming events, and Agol
et al. (2015), who put these two together and discussed the possibility of detecting extra-
solar satellites by use of a method called spectroastrometry, in which one measures the
differential on-sky position between the light originating from a system in different filters.
A shift in the centre of light between two filters cannot be the result of a point-source or
symmetric object (e.g. rings), and so explanation of such a shift in a planet signal requires
the presence of a (potentially unresolved) second object. This method has previously
found use in characterisation of close-separation stellar binaries and active galactic nuclei
at scales well below the diffraction limit, as the centroid can be measured to precision
better than the diffraction or seeing limits (Bailey, 1998a,b; Porter et al., 2004; Whelan
&Garcia, 2008).

Bailey (1998b) already predicted that ‘... a large telescope using low-order adaptive
optics to achieve image sizes of ~ 0.1 arc second in the IR should be able to use spec-
troastrometry to make measurements to ~ 100 micro-arcsec’, which is roughly equivalent
to the separations of Solar System-like moons at distances of the order of tens of parsecs.
We derive improved estimates of the signal and noise for spectroastrometry of photomet-
ric points, and we show that the upcoming class of extremely large telescopes (ELTSs),
with the European ELT as archetype, will indeed be capable of detecting and character-
ising nearby mild-to-warm tidally heated exomoons (THEMs) of sizes and separations
such as those found in our Solar System and compatible with moon formation theory,
with relatively little regard for inclination or orientation of the satellite orbit.

In contrast, satellites with the expected mass ratios of ~ 10~ compared to their host
predicted by Canup &Ward (2006) at medium-to-wide planet-moon separations will re-
main elusive even with future instrumentation for most other methods (Ruffio et al., 2023;
Lazzoni et al., 2022). Additionally, those other methods impose a restrictive orientation of
the orbit of the satellite (for planet-transiting moons or radial velocity detections; Lazzoni
et al. 2022) or require a fortituous transiting orientation of the host planet with respect
to its star (Kipping, 2009a,b). We show that spectroastrometry only imposes a weak ori-
entation preference on observations that is complementary to that required for the radial
velocity and planet-transit methods.

We structure the analysis as follows: we begin by presenting the spectroastrometric
signal, noise, and some their basic and derived properties in Sections 3.2.1 to 3.2.5,
followed by a description of our benchmark scenario in Section 3.2.6. The results for this
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Figure 3.1: Illustration of the geometry underlying the calculation of the spectroastromet-
ric signal in the face-on case (p = 1).

benchmark scenario are presented in Section 5.3, and the limitations of our analysis, the
repercussions with respect to current-generation telescopes, and a comparison with other
moon detection and characterisation methods are presented in Section 3.4. We conclude
matters in Section 3.5.

3.2 Methods

In the following, we present the framework upon which our analysis is based. It is struc-
tured as follows: in Sections 3.2.1 and 3.2.2 we introduce the spectroastrometric signal
and some of its basic properties, followed by a discussion on the contaminating noise
sources in Section 3.2.3 and the consequences on observation design in Section 3.2.4. We
then derive an expression for the minimum flux a moon must have to be detectable at a
given signal-to-noise ratio given any instrument specifications in Section 3.2.5, and intro-
duce the model scenario used to evaluate the efficacy of spectroastrometry in detecting
Solar System-like moons in Section 3.2.6.

3.2.1 The centroid and the spectroastrometric signal

In defining the spectroastrometric signal, we take an approach that differs from that taken
by Agol et al. (2015); this framework allows us to compute several additional error esti-
mates. Motivated by the idealised mathematical limit of the photon-count averaged centre
of light on a detector D for ever smaller pixels, we shall define the centroid for an obser-
vation over a time interval T through a filter F, ¢, as the photon count-weighted integral
over all positions ¢ over the course of an observation O, during which a total of Nr pho-

tons are counted as follows: .
Cp = — cNr(c). 31
Nr «IO,D ( ) ( )

The differential photon count hitting the detector for each position ¢, Ng(c), can be rewrit-
ten, accounting for the fact that the incoming photon rate is a function of the detector lo-
cation it hits and of time, t. We choose to ignore the effect of the photon path through the
instrument, such that we can then write Np(c) = Ir(c, 1)QtS with Iy the photon intensity
through the filter F' originating from the point ¢ on the celestial sphere at time ¢, Q the
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infinitesimal area on the detector that the photons hit (expressed as solid angle on the ce-
lestial sphere), and S the infinitesimal area of the telescope aperture that the photon field
passes through. If we furthermore assume that the total photon flux originating from the
part of the sky we observe through the filter F, Fp = fD Ir(c, 1)Q, is constant throughout
the observation such that Nr = FrTFrS, we obtain:

1 1
Cr = TfT(F—F LCIF(C, t)Q)t (3.2)

where S was taken outside the integral as we had assumed the photon flux on the detector
to be independent of the photon path through the instrument. The outermost integral is
ostensibly a time-average, while

cp(t) = FLchIF(c, HQ 3.3)
D

is the photon flux-averaged centre of light at time 7. We have thus shown that the centroid
as measured from an observation is the time-averaged value of the instantaneous centroid
cr (1) over the duration of that observation: ¢z = {cp(?))r.

We note that for an Ir(c, ) that is point-symmetric about some point ¢y(f) we have
cr (1) = co(r): motivated by this observation, we shall now assume that we are observing a
planet-moon system (we note, however, that computation of the centroid of an observation
according to Eq. 3.1 does not require this assumption), such that we can decompose the
intensity originating from any given on-sky location into that originating from the planet
(denoted by the subscript p) and that originating from the moon (with the corresponding
subscript m). Then, by linearity of the integral:

FFm
Fr

Cr = FI;—I‘: <CFP(I)>TF +

TG (3.4)

where Fp, (respectively Fr,,) is the flux in the filter ' due to the planet (respectively
moon). We observe that so long as the point-spread function (PSF) for our telescope is
point-symmetric, we have that the components Ir,(c, f) and Ir,,(c,?) of our intensity are
respectively point-symmetric about the on-sky position of the planet and moon, which we
shall denote ¢, and c¢,,, such that finally:

e = (e0),, + 72 (e = 1), (3.5)
analogous to Eq. 4 in Agol et al. (2015). We must note, though, that here we have shown
that filter fluxes must be expressed in photon fluxes, not energy fluxes, for this relation to
hold. For notational brevity, we shall henceforth write ¢,,(t) —¢,(f) = ¢,,,(?) for the on-sky
projected angular separation of the two bodies. In imitation of the approach Agol et al.
(2015) take to forego the necessity of a reference position, we then define the spectroas-
trometric signal Sy p as the absolute difference between the centroid location in a filter
M in which we expect to observe the moon (the ‘moon filter’; not to be confused with the
notation for absolute magnitude used in other literature) and another filter P in which we
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expect the planet to be dominant (the ‘planet filter’); we remark that we also differentiate
between the periods over which the two observations were made, T, and T'p respectively:

Sup=cy—cp
_ F Mm F Pm
= T (em®)y, = {em®),, (3.6)
where we have assumed that the time-averaged position of the planet over both the periods
Ty and Tp is identical. As we shall encounter these quantities more often, let us denote
the fraction of the flux in the band M (respectively P) due to the moon, FFLM (respectively

FF—";"), as fum (respectively fpp).

3.2.2 The spectroastrometric signal for closed Keplerian orbits

For <cmp(t)> an analytic solution exists in terms of known quantities from orbital mechan-
ics for all closed Keplerian orbits. One can then show that the expected value of the signal
for a given observation of a moon with unconstrained inclination i and w (i.e. a flat prior
on both i and w) is given by:

yanm
d

with y a parameter describing our knowledge of the inclination i and orientation (through
w) of the moon; if i and w are unconstrained (i.e. uniformly distributed), we have p =
0.842 if instead the moon is positioned in the worst possible orientation (edge-on i.e.
i = n/2), we have p = 2/m; in the best possible orientation (face-on i.e. i = 0) we have
p=1 ¢  (respectively ¢ p) is the non-dimensionalised time-averaged in-orbit position
over the time period T, (respectively Tp) of the moon, and d is the system-observer
distance. An illustration of the geometry involved is given in Fig. 3.1.

It will suffice for now to know that it can be shown that the time-averaged in-orbit
position depends on the orbital properties of the moon according to Eq. 3.8:

Ei (3
-2 3.8

where P (not to be confused with the filter P, which only appears in subscripts) and e
are the period and eccentricity of the orbit of the moon, T is the timespan over which we
observe in the filter of interest, and Ey and E| are the eccentric anomaly at the start and
end of the observation in that same filter, respectively. For a given time since periapsis,
Ej and E; can be calculated by solving Kepler’s equation, for which a variety of solution
methods exist; we employ the non-iterative method described by Markley (1995).

Sup = &r - }%’:gp (3.7

2o P ( (1-£)sinE — ¢ sin2E J

27T \(1 = e?)1/? (fT cos 2E — cos E)

3.2.3 Sources of spectroastrometric noise

There are, however, several sources of noise that will contaminate the signal. In the
following, we shall describe relevant noise sources and their corresponding expressions,
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as follows: (1) photon shot noise, (2) pixel noise, (3) background and instrument flux
noise and (4) pointing noise. We (will) note that each of these noise sources acts upon
each of the measured centroids individually (that is, per filter) and independently. We will
therefore consider in the following the noise that each of these sources imparts upon the
measured centroid in a filter, noting that these noise sources are present in both the filter
M and the filter P. We can then combine the two into the resulting total noise for the
spectroastrometric signal in Sec. 3.2.3.

Photon noise

The PSF of the telescope is not just the reason by which we cannot resolve the moon and
planet directly on the exposure; the resulting spread in photon arrival locations causes an
inherent and unavoidable variance in the measured centroid, given that we can only ever
take a finite sample of the PSF. Under the condition of point symmetry of the PSF we

have for the photon noise o py:
OPSF

VN

where o pgF is the standard deviation of the PSF for a single sample (i.e. a single photon)
and N is the number of photons observed in the filter. For a diffraction-limited telescope,
the Gaussian approximation of the Airy disc used by Agol et al. (2015), where opsr =
0.454./D (with A, the central wavelength of the observation filter and D the telescope
diameter), gives a useful general expression, but where available an estimate from PSF
shape models would of course be preferred. As we use the ELT as archetype for the full
class of extremely large telescopes (for which PSF models are not yet available), we will
use the expression by Agol et al. (2015) in our simulations, but prefer to retain opgr in
expressions.

- (3.9)

Pixel noise

Another source of noise derives from the fact that we are not probing the actual on-sky
intensity distribution, but a pixelated version thereof. The finite size of the pixels on our
detectors means that we lose some information about each detected photon. An upper
bound for the noise that this introduces is given by

o
Opy = — (3.10)
P \2N

with a the pixel width, and N again the total number of photons observed in the filter.

Background and instrument flux noise

The noise in background and instrument flux will also give rise to noise in the measured
centroid. An upper bound for this contribution is given by

_ 6/(1 60'1351: a
7= 3R o
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under the assumptions that the planet detection in the flux is > 50, that we sample the
centroid from the detector region encompassing the 3o-region of the PSF (which contains
> 97% of the incoming flux) and that the noise is uncorrelated between pixels.

Pointing noise

The imperfect pointing accuracy of the telescope will also impact the extracted centroid;
we can account for this by assuming that each observed photon has a further random
offset dictated by the pointing accuracy of the telescope. In that case, the mathematical
framework works out precisely as for the PSF, so long as the timescale on which the tele-
scope pointing is affected by inaccuracies is significantly lower than the total time of the
exposure, such that photons can be assumed to be independently affected. In the case of
the ELT, the uncompensatable random errors vary on subsecond timescales (Rodeghiero
et al., 2021), such that we deem this a reasonable assumption. METIS will achieve fine-
guiding accuracies below 0.024/D (Brandl et al., 2021), which translates to a worst-case
pointing offset below opp ~ 1 mas, such that we can expect the pointing inaccuracy o,

to be at the very greatest

o, =220 (3.12)

VN
This term is negligible for the ELT, but may be important or even limiting for space
telescopes in particular.

This treatment then accounts for random pointing noise; systematic pointing offsets
can be removed by referencing against the reference objects used. If possible with the
given coronagraphic system, the central star or another bright co-moving object would
be a suitable candidate. Otherwise, a background object can be used. As such objects
are in general far brighter than the planet, the corresponding spectroastrometric noise is
likely to be negligible. If the telescope reacquisition pointing accuracy between different
filters allows for it, referencing against other objects may even become unnecessary. This
may introduce systematic bias if there is an unknown offset between filters (e.g. due to
imperfect adaptive optics), however, and so this should be carefully accounted for.

Total noise

The fact that all noise sources go as N~'/? motivates us to combine them into one term,

such that we can describe the total noise in a filter as o,y = N2, We can consider
the noise o to be an ‘effective noise per photon’, and under the assumption that all noise
sources are independent we can calculate o to be

_ 4/ _ 2 2 2 2
o= NNNoyy = \/O'PN+0'px+0'n+a'p

) B 1 1 60'1351:2 5
= Opsp T O0po T E"'% T a“. (3.13)

It is instructive to remark that o for the both filters, o), and o p, is a property inherent to
a given filter on a given telescope, but it does not depend on the object to be observed.
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The combined noise o affects the measured centroids of both of the filters in question.
Assuming that these two measured centroids are statistically independent, the total noise
in the measured spectroastrometric signal, o, is then:

2

2
(o g
2 2 M P
Os = /0 +o =A==+ =
tot,M tot,P NM NP

1 \/aﬁla = fum) 030~ fou)
\Serre FupTu Fp,Tp
with & being the achromatic efficiency of the telescope and S s/ its effective surface area,
where we have used that Ny = S.rreTyFpp/(1 — fum) (an analogous expression of
course holds for Np).

Note that it follows directly from Eq. 3.14 that the best planet filter P to observe in so
as to minimise the noise is the one in which Fp,/ a‘fn is maximised; the same conclusion
holds for the moon filter F, so long as the moon is expected to be sufficiently luminous in
this filter, too.

(3.14)

3.2.4 Consequences for the observation time allocation

From Sec. 3.2.3 we can conclude an important guideline for observations: namely, one
can show that given a fixed total observation time T = Ty, + Tp, there exists an allocation
between Ty, and Tp such that os as given by Eq. 3.14 is optimised. This time allocation
can be shown to satisfy the relation

T_M:ﬂ Fpp l_meNO—_M Epp (3.15)
Tp op \Fup N\ 1=fem op \Fup .

The approximation is justified by noting that for a suitable planet filter P we ought to
expect that fp,, # 0, and if the moon does not fully dominate in M, /1 — fy;,, = 1 is also
reasonable. As this approximated optimal time allocation requires no a priori knowledge
of any tentative moon, we find it most representative to perform our evaluation of the
method using this time allocation. We wish to note that this optimal time allocation is
equally valid for the noise estimate used by Agol et al. (2015), though they do not appear
to have taken note of it.

3.2.5 Minimum required moon flux

In general, unfortunately, we have no a priori knowledge of the expected flux of moons.

Moreover, we are interested not in the signal-to-noise ratio produced by a specific moon,
but rather we would like to answer the converse question: the luminosity a moon ought
to have such that it is detectable with at least a given signal-to-noise ratio S/N. One can
take Eqgs. 3.7 and 3.14 to arrive, after some manipulation, at a criterion for detectability:

~2 ~ N
foAZ/Im + (CM - 2fPWl§M : fP) me =
22
Cu +Cp = foéps (3.16)



62 Methods

where
S/Ndoy \ 1
Cu :( / ‘TM) i (3.17)
ay FoA) effFMpTM
S/Ndop\* 1= fon
cpz( / ‘T”) Jem (3.18)
ay &SerrFppTp

This is a quadratic form in ff,, whence one can derive the following minimum flux
requirement for detectability at the specified signal-to-noise ratio:

Fun A+ VB (3.19)
Fup D
with
Cu > 2 2 32
A:7+CP+me§M'§P_me§P (3.20)
C N 5
B= (2~ foudi &) & (3,80 - Cu— o) (321)
D=8y~ fruks) - Ch. (3.22)

This, should be stressed, holds for all closed Keplerian orbits, given the expression for
£ in the form of Eq. 3.8, so long as D > 0. This latter constraint follows when writing
Eq. 3.16 as a form that is quadratic in Fy,,/F )y, and it is satisfied roughly when Cp < 1
such that

S/Nop LAy

VeSerFrTp ~ d

Note that the moon fluxes in either band are, of course, both unknown quantities; as
fpm 1s relatively low (close to zero) if a suitable planet filter P was chosen, it is more
informative (and receptive to implicit computation) to put constraints on Fy,, as a func-
tion of fp,, than the other way around. If one can relate fy,, and fp,, to a set of defining
parameters (say, for example, the surface temperature and radius of a moon), it is then
possible to solve the constraint posed by Eq. 3.19 implicitly, given a set of orbital and
observation parameters.

(3.23)

3.2.6 Model scenario

To assess the limits of what types of Solar System-like moons may be detectable in nearby
systems in the near-future using ELT-class telescopes, we explore a benchmark scenario.
We take METIS as reference instrument, given that its capability to detect Earth-sized
planets around nearby stars in thermal emission has been well-established (Brandl et al.,
2021); it should therefore not be problematic to reach a 5o~ detection (in flux) of a giant
planet, so as to satisfy the assumptions required for Eq. 3.11. The telescope model pa-
rameters are summarised in Table 3.1. For the moon filter M, we take the N2-filter as it
is the longest-wavelength continuum filter on METIS, which will therefore be best-suited
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Table 3.1: Telescope and system model parameters used in the benchmark scenario.

Quantity Value  Reference
METIS/ELT properties
Planet filter P M’ -
Moon filter M N2 -
Diameter [m] 37 C20
System throughput [-] 0.36 C20
Atmospheric transmission [-] 0.8 J13,N12
opsr in P [mas] 12.0 -
opsr in M [mas] 28.1 -
Model system properties
Reference distance [pc] 3.6481 P16, V23
Planet mass [Myy] 3.25 F19
Age [Gyr] >3.0 FI19

C20: Carlomagno et al. (2020); J13: Jones et al. (2013); N12: Noll et al. (2012); P16:
Prusti et al. (2016); V23: Vallenari et al. (2023); F19: Feng et al. (2019). Brandl et al.
(2021) give an overview of the METIS optical system and pixel sizes.
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Figure 3.2: Spectrum for £ Indi Ab, generated from ATMO2020 assuming a 3.25 My,
3 Gyr planet, and equilibrium chemistry; the chosen M’ and N2 bands are marked. Also
shown is the extreme scenario of a 350 K, Earth-sized blackbody moon, for which it is
clear that the planet still dominates by ~ 2 orders of magnitude in M’, while the moon
contributes an appreciable fraction of the flux in N2, such that a spectroastrometric signal
may be observed between the two filters. We note that the region from 5.5-7.5 um, though
it has promising absorption regions, is inaccessible from the ground.
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to capture low-temperature (< 300 K) thermal emission. For the planet filter P, by con-
trast, we choose the near-infrared filter M’, which captures a region in which giant planets
such as Jupiter, Saturn (Roman, 2023) and higher-mass exoplanets (Phillips et al., 2020)
are luminous, while remaining stiff to the types of temperatures expected globally for
tidally heated moons (see e.g. Dobos &Turner 2015). As an example, the used spectrum
for & Indi Ab (which we shall justify shortly) is shown with a 350 K, Earth-sized moon
(representing an upper bound on the hottest, largest plausible moons) for comparison in
Fig 3.2: it is clear that the planet still dominates wholly in M’, while the moon has an
appreciable contribution in N2. METIS requirements mandate that its optical system is
diffraction-limited (Brandl et al., 2021), which we will therefore take as an assumption
on the PSF-width. Atmospheric transmission is set to an achromatic 80%, based on a
representative scenario simulated using ESO’s SkyCalc (Jones et al., 2013; Noll et al.,
2012). We set an observation time of 6 hours, representing a length of night that can be
reasonably expected to occur regularly at the ELT site (Lombardi et al., 2009), though we
note that with a scaling of the noise with T2, our results are relatively stiff to the total
observation time.

We model a reference moon-planet system based on € Indi Ab, the nearest Jupiter
analogue known imageable by JWST (and thus, presumably, ELT), and its nominal pa-
rameters as determined by Feng et al. (2019). The parameters necessary for this analysis
are given in Table 3.1; based on this planet mass and age, a spectrum is interpolated from
the chemical equilibrium atmosphere-spectra in the publically available atmosphere li-
brary ATMO2020 by Phillips et al. (2020). As their simulated atmospheres only provide
data for planets of this mass up to ages of ~ 3 Gyr, we cannot take an age in the age range
of 3.7 — 4.3 provided by Feng et al. (2019), though we note that preliminary results using
ATMO2020 show that in this case the spectroastrometric signal-to-noise ratio is increas-
ing with age of the planet (i.e. with decreasing temperature): this makes an age of 3 Gyr
conservative.

In imitation of Solar System moons (with the notable exception of Titan), we assume
the moon to be an airless icy or rocky body. In such a case, the observed brightness
temperature in the infrared agree relatively well with the surface temperature (to within a
couple ~ 10 K), regardless of surface material (see e.g. Hu et al. 2012; Whittaker et al.
2022); integrated brightness temperatures of Jupiter’s icy moons Ganymede and Callisto
agree relatively well with their expected surface temperatures (Squyres, 1980). We there-
fore choose to model the moon as a black body, such that the only free parameters that
remain to explore are (1) its size (but notably not directly its mass), (2) its surface temper-
ature and (3) its orbital properties. Each of these we vary over ranges made plausible by
a combination of observed Solar System moons and moon formation theory, so as to ex-
plore the signal-to-noise ratio of the spectroastrometric signal. In particular, we vary the
size between an lo-radius and an Earth-radius, which, allowing the satellite to be either
icy or rocky, covers the full range of expected moon masses of 107> — 1073 host masses
for large satellites proposed in literature (e.g. Canup &Ward 2006; Cilibrasi et al. 2018;
Moraes et al. 2018). We vary the semi-major axis over the range seen for the Galilean
satellites.

While analysis of time-series observations of the system under the assumption of a
moon on a Keplerian orbit may allow one to produce higher-significance detections (see
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Figure 3.3: Minimum blackbody temperature and corresponding moon flux fraction in M
for a total observation time of 6 hours on ELT/METIS as a function of semi-major axis
for 5o detectability of a moon around & Indi Ab for an lo-sized, Mars-sized, and Earth-
sized moon (top), with a corresponding first-order estimate of the required eccentricity
(bottom). The grey region delineates the area bounded by the edge-on and face-on cases
(p = 2/m and p = 1); the red and blue lines correspond to the inclination-averaged
case (p ~ 0.842). Semi-major axes and eccentricities of the seven largest Solar System
moons Ganymede, Titan, Callisto, Io, the Moon, Europa and Triton are marked by their
first letter(s). The post-capture migration path of Triton assuming conservation of angular
momentum (such as in Ross &Schubert 1990) is also marked to illustrate the observational
potential of captured moons. The moons used for further analysis in Secs. 3.3.2 and 3.3.3
are marked in green in the top plot. For all three moons over all explored semi-major
axes, the minimum So-detectable temperature corresponds to a spectroastrometric signal
of roughly 0.013 mas.

Sec. 4.2.2 in Agol et al. (2015) for an example), we prefer to analyse solely the spec-
troastrometric signal in one observation, as it requires no assumptions on the nature of the
signal. A high-significance detection of a spectroastrometric signal would therefore pro-
vide incontrovertible evidence of a signal of astrophysical origin, regardless of whether
it is a moon or not; further analysis and conclusions on the nature of this signal can then
follow.

3.3 Results

We structure our results as follows; we examine the minimum temperature required for
detectability in circular orbits as a function of semi-major axis in Sec. 3.3.1, and per-
form a first-order analysis of the required eccentricities for these temperatures under the
assumption that the detectability is only marginally affected by low eccentricities. We
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validate this assumption in Sec. 3.3.2, and finally perform an analysis of the attainable
signal-to-noise ratios as a function of moon blackbody temperature and distance for two
sample moons of given size and semi-major axis in Sec. 3.3.3.

3.3.1 Minimum moon temperature for detectability

Fig. 3.3 shows the minimum required blackbody temperature of a moon for various sizes
(corresponding to lo, Mars and the Earth) to be detectable at 5o in a circular orbit around
€ Indi Ab, assuming a total of 6 hours of observation time. Also shown is a first-order
estimate of the eccentricities required for each of the various size bodies at each semi-
major axis to reach the given minimum temperature by assuming radiative equilibrium of
a blackbody moon experiencing viscoelastic dissipation as given by Segatz et al. (1988)
and using the value of -Im(k,) given for Io by Lainey (2016). For comparison, the semi-
major axes and eccentricities of the seven largest Solar System moons are marked; as Tri-
ton currently has a circular orbit but is known to have migrated to its current position after
capture over a timespan of ~ 1 Gyr (Ross &Schubert, 1990; McKinnon &Kirk, 2014),
its constant-angular momentum post-capture evolution as described by Ross &Schubert
(1990) is also drawn. The value of fj,, corresponding to these minimum temperatures is
also shown; over the explored semi-major axis values, fp,, for the minimum detectable
temperatures is negligible, and so the required values of f), coincide. For this same rea-
son, the spectroastrometric noise is nearly constant across all semi-major axes at ~ 0.0026
mas, corresponding to a minimum detectable spectroastrometric signal of ~ 0.013 mas.

3.3.2 Eccentricity effects

Fig. 3.4 shows the minimum moon blackbody temperature for two sample moons (that
will be explored and justified in further detail in Sec. 3.3.3) at an € Indi Ab-like system-
observer distance at a variety of eccentricities and orbital phases covering all possibilities
for the inclination-averaged case (p =~ 0.842). The green and blue lines, indicating the
minimum required temperature for e = 0 and +10 K deviations from that contour, show
that the required temperature for moons with Solar System-like eccentricities (e < 0.1) is
in general well-approximated by the required temperature for the circular case throughout
the orbit; additionally, the required temperature for detectability is in fact in all cases lower
than for the circular case over > 50% of the orbit.

3.3.3 Applicability to distant systems

The results presented in Secs. 3.3.1 and 3.3.2 suggest that there is a set of nearby sys-
tems in which planet-like moons of directly imageable giant planets can be detected.
This motivates us to explore the extent of this viable detection space for two scenarios,
representing the end-points of what Lazzoni et al. (2022) deem the class of planet-like
satellites (namely those formed by core accretion in the CPD, analogous to most Solar
System satellites): (1) an lo-sized moon at lo-like separation from its host and (2) an
Earth-sized moon at a Callisto-like separation from its host. The first requires the least
number of assumptions, as it is a type of moon observed in the Solar System, and tidal
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Figure 3.4: Minimum temperature for S0~ detectability as a function of the observed or-
bital phase and eccentricity for an lo-like moon with an Io-like semi-major axis (top) and
for an Earth-like moon with a Callisto-like semi-major axis (bottom). The green and blue
contours indicate the contour corresponding to the nominal (zero-eccentricity) required
temperature (as marked on the top plot in Fig. 3.3), and the 10 K deviations from this
temperature, respectively; in both cases, these are also marked on the colourbar. We note
that in all non-zero eccentricity cases the temperature required for observability is in fact
lower than for the circular case over > 50% of the orbit.

heating-mechanisms through which it might reach temperatures to be luminous in the
IR over observable timescales are well-established (e.g. Dobos &Turner 2015; Rovira-
Navarro et al. 2021). The second would be on the larger end of what one expects to see
around a host like £ Indi Ab according to moon formation studies such as Canup &Ward
(2006), though more recently Cilibrasi et al. (2018) produced results that seem to suggest
such masses may be attainable. Additionally, where fixed-Q tidal theory would predict
that such a far-out moon should be unlikely to experience significant tidal interactions,
the recently proposed paradigm of resonance locking would allow such far-out moons
to experience tidal interactions still (Fuller et al., 2016; Lainey et al., 2020). These two
cases should therefore in principle bracket the full range of plausible planet-like moons
that might be expected to be luminous in the IR; the signal-to-noise ratio as a function of

blackbody temperature and system-observer distance for these two cases are illustrated in
Fig. 3.5.

3.4 Discussion

Figs. 3.3 and 3.5 indicate that spectroastrometry may be able to provide detections of
large icy moons (with surface temperatures as low as T < 150 K) or even smaller, hot
rocky moons (with surface temperatures as low as 7y < 300 K) in nearby systems; such
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Figure 3.5: Signal-to-noise ratio for an Io-sized moon on an lo-like orbit (left) and an
Earth-sized moon on a Callisto-like orbit (right) around an & Indi Ab-like planet as a
function of blackbody temperature and system-observer distance (we note that the axis
scale and datum differ between the two moons). The grey, blue, and red lines mark the
1o, 30, and 50 boundaries, respectively.

temperatures are plausible for tidally heated moons on orbits comparable to modern-day
Solar System moons (e.g. Dobos &Turner 2015; Forgan &Dobos 2016; Rovira-Navarro
et al. 2021) and easily exceeded by conditions as have been presumed to exist in the early
Solar System (e.g. Ross &Schubert 1990), potentially over Gyr timescales (McKinnon
&Benner, 1990; Lunine &Nolan, 1992). The possibility of observing large icy moons
at low temperatures is interesting, as the large icy moons Ganymede and Callisto in our
Solar System have (and are stable at) surface (and brightness) temperatures of order ~ 150
K (Squyres, 1980) (though a large part of this is contributed by solar flux), and the largest
and most massive moons are thought to form at or beyond the ice line of their CPD
(Heller &Pudritz, 2015b), therefore being icy. The results for smaller hot moons are also
of interest, as Rovira-Navarro et al. (2021) have shown that plausible scenarios may arise
in which such temperatures are maintained for timescales > 1 Gyr.

We will discuss these results in several contexts: in Sec. 3.4.1, we compare our frame-
work against that in previous literature, and we discuss several caveats to our new formula-
tion in Sec. 3.4.2. One may also wonder if perhaps current-generation infrared telescopes
may be able to detect objects in this manner, too: we discuss what this would take in
Sec. 3.4.3, and follow this up with a discussion on the applicability of spectroastrometry
to moon-planet systems other than the ones we have studied in this paper in Sec. 3.4.4.
Finally, we make a comparison of spectroastrometry against other methods in Sec. 3.4.5
and discuss what combinations with other methods may possibly allow unambiguous de-
tection, characterisation and confirmation of moon candidates in Sec. 3.4.6.
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3.4.1 Comparison to previous work

While we have expanded the framework provided by Agol et al. (2015) to work for closed
Keplerian orbits in general (Sec. 3.2.2) and to include additional noise bounds (Sec. 3.2.3),
a great deal of conclusions in their work still hold. In particular, the scaling of the signal-
to-noise ratio as S /N o (eT)"/?d~? remains generally applicable, and under the assump-
tions that the detector pixel size is designed to sample the PSF well (i.e. @ « opgF), that
the pointing stability noise is negligible and that the telescope is diffraction-limited we
also recover the telescope-diameter proportionality S/N o D?. Additionally, while Agol
et al. (2015) do not appear to explicitly have taken note of this, (1) in their formulation the
noise is a function of the spectral properties of the moon, but not of its orbit (excepting
transits), (2) the spectroastrometric signal-to-noise ratio of a single observation can be
straightforwardly calculated for a given observation without requiring any a priori knowl-
edge on the nature of the observed system and (3) there exists an optimal time allocation
that minimises the noise of an observation that can be well-approximated by quantities
that can be known or estimated a priori (Sec. 3.2.4). Each of these conclusions still hold
in our expanded formulation.

There are several additions we have gained over this previous work, however. We
have shown that the viability of spectroastrometry is relatively insensitive to the orbital
parameters of an exomoon with the exception of its semi-major axis and particularly high
eccentricities (well exceeding those found in the Solar System). We found an expression
for the best-case and worst-case inclinations as well as the expected spectroastrometric
signal for a flat prior on moon inclinations. Additionally, one can show from Eq. 3.8 that
in the limit of large 7'/ P, 3 — —[3e/2, 0]7, such that circular or small-eccentricity orbits
become invisible. Further analysis of Eq. 3.8 shows that this already occurs for 7/P > 1.
Hence, we should not expect to be able to observe moons with periods on the order of
or shorter than our observation time in the relevant filter, both because their semi-major
axis and the resulting orbital motion is small, which was already apparent from the work
by Agol et al. (2015), but also because their signal is washed out by this time-averaging
effect for T/P > 1. Conversely, highly eccentric moons on short-period orbits may instead
become visible precisely because of this time-averaging effect. While for ground-based
telescopes observation times are unlikely to exceed orbital periods, this is a plausible
scenario for space-based observations, which would require far longer observation time
to reach a performance similar to large-diameter ground telescopes.

Additionally, we have shown that while background and instrument noise in centroid
measurements for a significant (> 50) detection of the planet is likely to be of similar
magnitude to the photon noise, the noise due to a pixelated detector (for a well-sampled
PSF) and pointing stability of the telescope in question are unlikely to provide major
contributions to the centroid noise, and therefore to the spectroastrometric noise.

3.4.2 Limitations on this formulation

A major limitation of the method as developed in this manner is the lack of an expres-
sion for speckle noise, which ostensibly does not satisfy the assumption of independence
between pixels required for Eq. 3.11. Until this effect can be quantified, these results
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should be taken only as representative for moons of far-out or free-floating planets, where
speckle noise is negligible, though fortunately the majority of large exomoons are ex-
pected to occur around wide-orbit planets (Dobos et al., 2021; Heller &Pudritz, 2015a),
beyond the snowline (Inderbitzi et al., 2020). If an expression or estimate for speckle
noise in spectroastrometry can be found, we might be able to push spectroastrometry to
find moons of close-in planets in reflected light, too, such as the case of an Earth-Moon
analogue studied by Agol et al. (2015), though this would require a different (augmented)
model of the moons’ spectral energy distribution incorporating reflected light.

A second limitation for close-in planets is the lack of inclusion of the planet-moon
barycentre movement over the observations in our formulation. While the movement
thereof between observations can be accounted for if the orbital properties of the planet
about its host are known, the movement throughout the observation will likely have an
effect that is worth quantifying in future studies: using the orbital parameters given by
Feng et al. (2023), the worst-case angular velocity (i.e. for a face-on orbit at pericentre)
for & Indi Ab is on the order of 0.1 mas/hr, which is of the same order as spectroastrometric
effects. For wide-separation planets or edge-on planets observed at their most distant
apparent separation, this effect is negligible, however. As our neglect of speckle noise
means that wide-separation planets should be preferred to start with, for this effect to
become strong will most likely require that speckle noise be dealt with, first.

Another matter that needs mentioning is the fact that there are objects that cannot im-
mediately be distinguished from moons; background objects may, per chance, induce a
spectroastrometric signal. Follow-up observations will, however, reject such candidates
without issue, given the rapid motion expected of moons about their host that such back-
ground objects will not display. Additionally, thermal emission from asymmetric ring
systems around planets will cause a signal that may mimic thermal emission from a hot
moon; one could foresee such asymmetric rings arising in a miniature version of the sce-
nario invoked by Andrds &Rieke (2020) for the debris cloud formerly identified with
Formalhaut b, for example, though notably Formalhaut b was not detectable in the in-
frared. As such asymmetries on a Keplerian orbit should be expected to dissipate over the
order of several orbits, a signal due to such occurrences should not be expected to remain
stable over observational timescales; additionally, the presence of rings (asymmetric or
not) may be excluded altogether by the method proposed by Lazzoni et al. (2020), for
example.

Spots or asymmetric patterns on the planet may produce an astrometric signal, too:
we note that the Great Red Spot on Jupiter is dim in the infrared (Ge et al., 2019), and so
we should by analogy expect any such effects to stem from larger-scale variability. For
Jupiter, such rotational variability is on the order of 1% in flux around the 10.5 ym region,
whereas in the 5 um region this is roughly 20% (Ge et al., 2019). For the moon filter we
can thus safely disregard this variability: the planet filter does warrant a small calculation.
In the worst-case scenario of a pole-on planet with all this variability concentrated on a
single spot at the equator, and with a Jupiter-like radius and rotation period of 10 hours,
the resultant astrometric signal will be on the order of 1072 mas. As the 20% variability on
Jupiter is the result of large-scale variability, not spot-like localised variability (Ge et al.,
2019), we expect that this effect will be significantly smaller in practice. Additionally,
higher-mass planets are expected to have a lower rotational period (Snellen et al., 2014),



Spectroastrometric detectability of moons 71

which will dampen the signal strongly if the rotational period becomes of the same or-
der as the observation time in a filter. Nonetheless, these variability effects may thus, in
the worst case, be present at an order of magnitude that will contaminate the most sensi-
tive of our results: follow-up observations in different planet-bands (perhaps with lower
variability) will then provide a conclusive result on the presence or absence of a moon.

It is thus possible to exclude background objects, (asymmetric) ring systems, or planet
variability either immediately or after follow-up observations. Consequently, we expect
that moons are the only objects or phenomena that can be responsible for long-term spec-
troastrometric signals, though any putative signal will need follow-up observations for
confirmation.

3.4.3 Spectroastrometric capabilities of current-generation
telescopes

As these results show that observing tidally heated exomoons on future IR telescopes is
plausible, one might wonder whether current-generation IR telescopes have the capabil-
ities required to observe tidally heated moons in nearby systems. The prime candidate
here, of course, is JWST; unfortunately, the scaling of the signal-to-noise ratio with D?
suggests that the observation time required would be on the order of days. JWST would
thus only be sensitive to hot moons around nearby directly imageable planets that are less
luminous than & Indi Ab, none of which are currently known.

Additionally, while the fine-guidance pointing stability of JWST is of an order similar
to that of ELT, target reacquisition (which would be required when switching between
filters) only has accuracies on the order of mas (Hartig &Lallo, 2022), which introduces
systematic error. This may be remedied if one uses astrometric observations (i.e. using a
single filter) of the moon throughout its orbit instead, but in that case it still remains to be
shown that the measured effect is due to motion of a moon rather than due to a third object
disturbing the Keplerian motion of the planet. In fortituous circumstances, one might
also be able to use sufficiently bright background objects (that can be astrometrically
positioned to the required accuracy) to reference the observations in the two filters against
each other, but this requires that such objects be available and fixed. We leave it to future
work to determine the viability of each of these methods to perform spectroastrometric
measurements using JWST.

3.4.4 Detectability of other moon-planet systems

In this analysis, we have considered Solar System-like moons around a planet analogous
to € Indi Ab, as it is the nearest known Jupiter analogue that is directly imageable. How-
ever, such a system need not be optimal in terms of detectability of any moons; moreover,
it is likely that with JWST operational many more directly imageable planets will be dis-
covered in nearby system that had previously eluded detection. It is thus productive to
consider what other planets might be found, or perhaps what types of moons might be
detectable around them.

One such category is lower-mass planets; exploratory results using the code in this
paper suggest that even lower-temperature moons will be observable around lower-mass
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planets, as the relative flux of the moon then increases appreciable in the moon filter.
If located in a suitable nearby system (such that stellar contamination is not a prob-
lem), this may thus allow the detection of true Solar System-analogues: that is to say,
Solar System-analogue planets accompanied by Solar System-size and Solar System-
temperature moons. Down to Saturn-masses this is hardly problematic, but for lower-
mass planets (transitioning into the ice giant-regime) the spectral feature at 5 yum starts
to become muted (Roman, 2023; Linder et al., 2019), such that the planet will no longer
outshine its moon in that band; another planet filter than M’ (which was selected in a
fairly ad hoc fashion) is required for ice giants. Detection of moons around such planets
would thus require a more robust filter selection procedure than we have followed in our
analysis of € Indi Ab. Hence, we propose that in anticipation of the detection of directly
imageable low-mass giant planets in nearby systems by JWST further research is done on
filter performance over a wide variety of planet masses and ages.

A second category of systems does not concern the type of planet, but rather the type
of moon; while we have for the purposes of our analysis explicitly remained in the familiar
realm of Solar System-like moons, current exomoon candidates are ostensibly unlike the
moons seen in our Solar System. The candidates put forward by Teachey et al. (2018),
Teachey &Kipping (2018), Lazzoni et al. (2020) and Kipping et al. (2022) are perhaps
rather thought of as binary objects; this poses unique challenges for spectroastrometry
in that the spectra of two gas giant planets in a mutual orbit are likely to posses similar
features qualitatively over a broad range of wavelengths. As both objects are, without
requiring tidal heating, likely to be relatively bright, however, their spectroastrometric
signal may still be detectable, and if so, perhaps at system distances further away than
Solar System-like moons. Given the importance of such objects in informing moon for-
mation theory (e.g. Hamers &Portegies Zwart 2018; Hansen 2019; Moraes &Neto 2020),
it is worth exploring whether any filter combination might be able to detect or rule out the
presence of any such moons; perhaps, even, whether a filter combination may be able to
detect both Solar System-like moons and binary-like objects.

3.4.5 Comparing against other moon detection methods

Over other methods, spectroastrometry provides an additional boon in the fact that, if
the barycentre motion discussed in Sec. 3.4.2 is accounted for, the astrometry produced
is of a sufficient level to potentially detect the orbital motion of nearby exoplanets over
a single observation; even in the absence of a moon detection, the data is therefore still
useful in novel ways. Another major advantage that spectroastrometry has over the cur-
rent suite of standard exomoon detection efforts is the lack of degeneracies (if observed
over multiple epochs), such as those induced by unseen second planets in the case of the
methods proposed for transiting planets (Fox &Wiegert, 2021; Kipping &Teachey, 2020);
as one measures explicitly the movement of the moon about its planet, these third-object
effects are unambiguously removed. Finally, spectroastrometry provides the possibility
of repeatable observations of nearby moons as small and nearly as cold as those observed
in the Solar System, far below temperatures required for other direct imaging methods for
tidally heated moons (e.g. Kleisioti et al. 2023), while being relatively insensitive to the
inclination or orientation of the moon or its planet.
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3.4.6 Synergies with other methods

Further modelling of the moon or its orbit can further enhance the significance of results
and produce predictions or constraints on quantities such as the semi-major axis, period,
size, host planet mass and flux distribution between satellite and host (Agol et al., 2015)
and consequently even interior properties of the satellite (e.g. Kleisioti et al. 2023) that
can be (independently) verified with other methods, such as radial velocity or astrometric
measurements of the planet or such as TTVs/TDVs, auxiliary stellar transits or moon-
transits of the planet, if the system is fortituously oriented. Especially noteworthy is
the fact that at satellite inclinations where spectroastrometry fares poorest (near edge-
on), transits of their host and radial velocity measurements become viable, which makes
spectroastrometry a useful complement to those methods. Finally, mutual events (Cabrera
&Schneider, 2007) observed in the infrared might provide information on the composition
of the planet and moon as well as provide independent constraints on the moon orbit
(Schneider et al., 2015).

Another detail of particular interest is the fact that spectroastrometry provides an inde-
pendent constraint on moon and planet fluxes as well as the moon orbit that may be com-
bined with those derivable from moon-planet models such as discussed in Kleisioti et al.
(2023), which can be produced from the same direct imaging data that spectroastrometry
can be performed on. In combination with the results derivable from other methods, it is
therefore possible to come to a near-full characterisation of the moon in question in terms
of its orbit, composition, size and surface conditions.

We would therefore like to emphasise the possible capabilities of simultaneous use
of spectroastrometry over multiple epochs, photometric modelling, astrometry and transit
observations of moon-transits of the planet, as all of these should in principle be possible
with the same series of direct-imaging observations. Given the set of mutually indepen-
dent estimates for similar parameters available between the set of these, self-consistency
of any candidate can be straightforwardly checked. We therefore strongly recommend
that the viability of this combination is evaluated in future studies.

3.5 Conclusion

Spectroastrometry has previously been shown to be a promising method for detection
of Earth-Moon-like systems or Earth-like moons orbiting Jovians by Agol et al. (2015).
We have shown that there is a further class of satellites, tidally heated moons analogous
to those in the Solar System, that are observable in nearby systems using this method
with next-generation ground telescopes. Illustrated by two example systems motivated
by moons observed in our current-day Solar System, we see that for nearby systems even
large icy bodies or hot bodies comparable in size to those seen in our Solar System may
be observable.

In showing this, we have derived an expression for the spectroastrometric signal that
covers all closed Keplerian orbits, along with the orbital motion of the moon throughout
the observation, which shows that the efficacy of spectroastrometry is only weakly de-
pendent on the orbital properties of an exomoon, except for moons with periods equal
to or lower than the observation time, which are unlikely to be detected. Moreover, we
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have derived additional conservative noise estimates for noise due to (1) background and
instrument noise, (2) a pixelated detector and (3) pointing inaccuracies. This now allows
evaluation of spectroastrometry as a method on telescopes other than the ideal photon-
noise limited space telescopes assumed in previous research and without requiring a priori
any assumptions on the orbit or nature of any potential moon.
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4 ' Direct detectability of tidally heated exomoons
by photometric orbital modulation

Adapted from
E. Kleisioti, D. Dirkx, X. Tan and M. A. Kenworthy
Astronomy € Astrophysics, 687, A125 (2024)

Aims. We investigate whether volcanic exomoons can be detected in thermal wavelength
light curves due to their phase variability along their orbit. The method we use is based
on the photometric signal variability that volcanic features or hotspots would cause in
infrared (IR) wavelengths, when they are inhomogeneously distributed on the surface of
a tidally heated exomoon (THEM).

Methods. We simulated satellites of various sizes around an isolated planet and modeled
the system’s variability in two IR wavelengths, taking into account photon shot noise. The
moon’s periodic signal as it orbits the planet introduces a peak in the frequency space of
the system’s time-variable flux. We investigated the THEM and system properties that
would make a moon stand out in the frequency space of its host’s variable flux.

Results. The moon’s signal can produce a prominent feature in its host’s flux periodogram
at shorter IR wavelengths for hotspots with temperatures similar to the ones seen on the
Jovian moon, Io, while the same moon would not be identifiable in longer IR wave-
lengths. By comparing observations at two different wavelengths, we are able to dis-
entangle the signal of an exomoon with transiting and non-transiting orbital inclinations
from the planet’s signal in the frequency domain for system distances up to 10 pc for
Mars-sized exomoons and even further for Earth-sized ones.

Conclusions. This method enlarges the parameter space of detectable exomoons around
isolated planetary mass objects and directly imaged exoplanets, as it is sensitive to Io-
to Earth-sized exomoons with hot volcanic features for a wide range of non-transiting
orbital inclinations. Exomoon transits and the detection of outgassed volcanic molecules
can subsequently confirm a putative detection.
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4.1 Introduction

Solar System planets host a large number of moons, with great diversity; from the gas
giants’ icy satellites, to the volcanic moon, Io, and the only moon with a substantial at-
mosphere, Titan. In the Solar System, moons present a wide variety of geological and or-
bital properties; however, their detection around exoplanets still remains to be confirmed.
Given the large number of discovered exoplanets, their detection is ever more likely.

Searches for extrasolar satellites are unveiling upper limits on exomoon properties
from a non-detection (Vanderburg &Rodriguez, 2021; Ruffio et al., 2023) or effects that
are associated with the existence of a moon, such as the detection of volcanic species
and gaps in ring systems (Oza et al., 2019; Kenworthy &Mamajek, 2015). Candidate
exomoons have been proposed (Teachey &Kipping, 2018; Fox &Wiegert, 2020; Kipping
et al., 2022); however, their detection has been put into question (Rodenbeck et al., 2018;
Heller et al., 2019; Kipping, 2020; Heller &Hippke, 2023).

Several exomoon detection methods around close-in planets have been suggested, fol-
lowing the success of the exoplanet transit method. Transit timing (Sartoretti &Schneider,
1999; Simon et al., 2007) and transit duration variations (Kipping, 2009) are based on the
effects that an exomoon has on planetary transits due to gravitational interactions. Fur-
thermore, Heller (2014) suggested detection via statistical analysis of the stellar photo-
metric transit signal. Exomoon atmospheres can also be detected via transit spectroscopy
(Kaltenegger, 2010). However, these methods are only applicable to close-in planets,
which according to orbital evolution models are less likely to host satellites (Trani et al.,
2020; Dobos et al., 2021).

Directly imaged (DI) exoplanets, on the other hand, are further away from their parent
star due to the challenges brought by star-light suppression at small angular distances. The
formation pathways of DI exoplanets are still unclear (e.g., Bohn et al., 2021), and could
be better constrained with a satellite detection around them. Exomoon detection methods
around DI exoplanets include direct imaging of an unresolved satellite, planet radial ve-
locity measurements, planet astrometry, and transits (Cabrera &Schneider (2007); Agol
et al. (2015); Vanderburg et al. (2018); van Woerkom &Kleisioti (2024)). With current in-
strumentation, these methods are limited to detecting binary-like satellites (Lazzoni et al.,
2022). Such techniques can also be applied to brown dwarfs (BDs) or isolated planetary-
mass objects (IPMOs) (Limbach et al., 2021), since high-contrast imaging is not necessary
to subtract the stellar light.

Direct detection via thermal excess of tidally heated exomoons (THEMs), heated by
tidal interactions along an eccentric, short-period orbit has also been proposed (Limbach
&Turner, 2013). The latter requires tidal heating to take place in the interior of the moon.
Tidal heating is present in Solar System bodies, the most prominent example being that of
Io (e.g., Moore, 2003; Béhounkova et al., 2021; Rovira-Navarro et al., 2022). Most stud-
ies on the direct detection of THEMs have considered a uniform temperature distribution
over the moon’s surface to evaluate the temperatures that can be reached by tidal inter-
actions and assess potential detections of thermal excess (Dobos &Turner, 2015; Rovira-
Navarro et al., 2021; Kleisioti et al., 2023). However, the latter assumption does not take
into account the temperature inhomogeneity on the surface of our only known example
of a THEM, Io (de Pater et al., 2017; de Kleer et al., 2019). For example, Loki Patera,
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one of the largest and most persistent hotspots on Io’s surface, with a surface area equal
to 21500 km?, or 0.05 % of its surface (Davies et al., 2015), is responsible for 10 percent
of Io’s heat flow (Veeder et al., 1994).

Jager &Szabé (2021) suggest that the temperature distribution in a THEM will be un-
even.The authors claim that this uneven temperature distribution can enhance the direct
detectability of exomoons. Motivated by the latter, we argue that such a hotspot distri-
bution would produce a periodic signal in thermal infrared (IR) light curves of BDs, DI
exoplanets, and IPMOs, and we explore the conditions under which this periodicity is
detectable. The detection of extrasolar bodies via thermal periodicity has previously been
suggested for the detection of rocky asteroids (Lin &Loeb, 2014) and exoplanets around
white dwarfs (WDs) (Limbach et al., 2022). The authors considered detection by measur-
ing amplitude variations in WD light curves from rocky bodies’ phase curves due to the
thermal emission differences between the dayside and the nightside. In addition, Forgan
(2017) suggested that moons could be detected via periodicity detection in exoplanetary
transit phase curves. Thermal phase curves have been used for the characterization of
rocky exoplanets around main-sequence stars (Demory et al., 2016; Zieba et al., 2022;
Gillon et al., 2023). To quantify the feasibility of our proposed method, we simulated
phase curves of THEMs with hotspots, adding realistic host variable signals. We show
that the thermal output of hotspots can produce detectable signals with MIRI in their
hosts’ IR light curves by extracting the signal of the moon from the host’s periodogram.

This work is organized as follows: in Section 4.2, we present our models for exomoon
and host signal variability. Section 4.3 discusses our method of extracting the exomoon
signal from the host’s periodogram. In Section 4.4, we present our results, firstly for
a system at 3 pc and later on for THEMs with different properties at several distances.
Finally, in Section 4.5, we discuss possible synergies of our method with other exomoon
detection methods and ways to confirm a detection.

4.2 Photometric signal variability

In this section we present the models that we use for the photometric variability over time
of a volcanic moon and its host. We then compute the combined light curve of the system
by adding the two light curves.

4.2.1 Exo-Io modeled photometric light curves

Volcanic activity on Io is the result of tidally induced heating in the interior of the moon.
Over the years, lo’s volcanic activity has been monitored (e.g., de Pater et al., 2017;
Cantrall et al., 2018; de Kleer et al., 2019; Tate et al., 2023) and the spatial distribution
of volcanoes (Bartoli¢ et al., 2021) has been used to infer tidal heating parameters in the
interior (Davies et al., 2024). Measured hotspot temperatures on o reach up to = 2000 K
(McEwen et al., 1998). A larger concentration of hotspots was found by Zambon et al.
(2023) in the polar regions of Io; however, recently Davies et al. (2024) concluded that
Io’s polar volcanoes are about the same in number per unit area but are less energetic than
those at lower latitudes.
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de Kleer &de Pater (2016) divided Io’s hotspots into two main categories depending
on their temporal behavior and temperature. “Sudden brightening events” are character-
ized by a sudden high thermal output, which steadily decays over a timescale of ~1 month.
On the other hand, “persistent hotspots” are active for more than ~ 1 year and show low
temporal variability with typically lower thermal outputs. Loki Patera, one of the most
persistent hotspots on Io’s surface (de Kleer et al., 2019), presents characteristics of both
categories, showing both stability over time and eruption events, with temperatures of up
to ~ 540 K (de Pater et al., 2017).
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Figure 4.1: Brown dwarf spectrum with T, ¢y = 600 K and a THEM’s spectrum with T}, =
200K, T}, = 1000K, and R, = Rg, at 3 pc. The two red rectangles show the wavelength
ranges of MIRI filters F770W and F1800W. The black and orange points correspond to
the integrated flux coming from a moon when the volcano is in and out of our line of sight,
respectively. The difference between the two configurations is larger in filter F770W, as
is shown by the orange and black points.

We modeled THEM light curves, assuming moons that are tidally locked to their host,
with different radii, R,,, varying from lo-sized bodies to Earth-sized ones, with a surface
temperature baseline of 7,,. We generated a spherical harmonics map with starry (Luger
et al., 2019) to model the nonhomogenous surface of THEMs. We added the expansion
of one and three top hat function(s) on the map to simulate one or three circular spots,
respectively, with radius R;, and temperature 7},. We chose a spherical harmonics degree
= 30, as we modeled small features on the moon’s surface, due to the small R, /R,, ratio.

Figure 4.1 shows the spectral energy distribution of a moon with 7,, = 200K and
T, =1000K. The resulting flux variability of a rotating moon would differ from longer
wavelength filters to shorter wavelength ones; the flux difference induced by the visibility
of the volcano is larger in the JWST/MIRI filter F770W than in F1800W, as is shown by
the black and orange points, respectively. Panels b and c in Figure 4.2 show the moon’s
temporal light curve with Io’s orbital period and in an edge-on orbit, at a distance of 3 pc.
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When modeling moons larger in size than lo, we kept the ratio, R” = RL";"’ wera — 4541072,

constant, assuming Loki Patera’s surface area to be equal to 21500km as it was measured
to be by (Davies et al., 2015).
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Figure 4.2: Modeled F770W flux variabilities of (a) the host and an Earth-sized, 7, =200
K, T, =1000K moon with (b) one or (c) three hotspots at 90 degrees inclination at 3 pc.
The overall observation time (including both filters) assumed in this work is 140h.

4.2.2 Host modeled photometric light curves

Exoplanets and BDs are expected to present variability due to atmospheric inhomogenities
(e.g., clouds) combined with their rotational modulation. Several surveys have demon-
strated that this variability is common among BDs (Metchev et al., 2015; Vos et al., 2022)
and is often well described by a semi-periodic signal or a combination of several sine func-
tions for observations in one epoch (Biller, 2017; Apai et al., 2017; Artigau, 2018). Some
observed light curves also evolve in time (Artigau et al., 2009; Yang et al., 2016; Karalidi
et al., 2016). Recent surveys of young, low-mass BDs measure a variability between 2
and = 35 hours with a median of 12 hours (Vos et al., 2022). Simulated normalized light
curves of such bodies have amplitudes from 0.5 percent to a few percent, which is con-
sistent with observations (Radigan, 2014; Vos et al., 2019). Using atmospheric general
circulation models (GCMs) of BDs, Tan &Showman (2021a) found that faster rotators
typically present smaller variability amplitudes. Finally, lower-mass BDs are likely more
variable than their more massive counterparts (Vos et al., 2019). BDs and DI exoplan-
ets share color and magnitude similarities (Faherty et al., 2016) and from the perspective
of planetary atmospheric dynamics they are in the same self-luminous dynamical regime
(Showman et al., 2020).

Most IR light curve datasets of BDs or IMPOs are measured continuously for short
timescales (e.g., 5-20 hours Vos et al. (2019); Esplin et al. (2016)) or with lower cadences
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(e.g., days or weeks (Brooks et al., 2023)). Thus, any long-term evolution is not accurately
measured in such systems, with the exception of Apai et al. (2021). Longer datasets are
needed for the detection of moons, which can have orbital periods much larger than avail-
able datasets. In this work, we use GCMs to simulate [IPMOs’ bolometric light curves and
model their long-term evolution. The IPMO circulation model in this work has been up-
dated from that in Tan &Showman (2021a) and Tan &Showman (2021b) by using a more
realistic non-gray radiative transfer and assuming equilibrium chemistry and a solar at-
mospheric composition (Tan et al. in prep). We also computed spectroscopic light curves
to estimate the variability at different MIRI filters by post-processing the 3D tempera-
ture and cloud IMPO circulation model fields with PICASO (Batalha et al., 2019; Adams
et al., 2022; Robbins-Blanch et al., 2022, see Appendix A). The IMPO circulation model
and PICASO have the same opacity source and method of computing radiative transfer,
which ensures the accurate spectroscopic post-processing of the circulation.

For our spectroscopic light curves, we substituted the amplitude of the calculated
bolometric flux with the characteristic amplitude from the spectroscopic light curve within
a given bandpass. This assumes that the light curve periodicity at wavelengths between
6-20um is similar to that of the bolometric light curve, a behavior that has been observed
in measured spectroscopic light curves (Apai et al., 2017; Esplin et al., 2016; Yang et al.,
2016).

Figure 4.2a shows the calculated F770W/MIRI variability of a 2.5 h variable host,
with an effective temperature of 7,.r =600 K and a surface gravity of g =100 m/s%. Our
goal is to demonstrate that we can distinguish the signal of a volcanic companion in a
realistic IPMO light curve. When simulating light curves of systems viewed near edge-
on, we take into account only the intrinsic variability of the IPMO and companion signals,
without considering any transits or secondary eclipses, as we expect them to enhance the
periodicity of the signal, and thus the detectability compared to a non-transiting moon. We
present results of simulations using the modeled IMPO as a host and argue that the same
method can be used to find companions around lower-mass IMPOs and DI planets. When
referring to the companion of DI exoplanets and IPMOs, the term “exomoon” can be
used; however, it should be noted that there is a blurred line between exoplanets, IPMOs,
and BDs (Teachey, 2024). When this method is used to find companions around isolated
and more massive BDs, the term “volcanic companion” is more accurate.

4.3 Detectable moon signals in hosts’ periodograms

To assess whether an exomoon would produce a detectable signal peak when taking time-
series observations of a host, we firstly added the time-variable flux of moons with differ-
ent Ty, Ry, R, and T, to the flux of the 2.5 h variable host in two MIRI filters. It should be
noted that for a T}, range between 300 and 2000K the optimal filter choice would change,
since the blackbody peak changes. We then integrated over 0.5h observations, alternating
between each filter after every integration, and added shot noise to the combined system
flux.

Panels a and b of Figure 4.3 show the Lomb-scargle periodogram of the combined
fluxes in filters F770W and F1800W, respectively. The black curves demonstrate the



Photometric orbital modulation of tidally heated exomoons 85

periodogram of the host’s light curve, whereas the purple (one hotspot) and blue (three
hotspots) are the result of the combined system flux with an Earth-sized moon that has
T, = 1000K at a 26.4h orbital period. There are several peaks on the planet’s periodogram,
with the most prominent one being equal to the planets intrisic variability at 2.5 h. The
planet’s periodogram (black) also exhibits several smaller peaks at larger periods that can
hinder the moon signal (Apai et al., 2021). This is expected to affect the detectability of
moons with different orbital periods, which we explore in Section 4.4.1.

In the combined periodogram (purple) in filter F770W there is a clear peak at ~ 26.4
hours that is not present in the host’s periodogram (black). The same moon produces a
much smaller signal in the F1800W filter, since it does not capture the high temperature
profile of the hotspot, as is seen in Figure 4.1. The latter discrepancy between the two
filters enables the moon’s signal to be disentangled from the planet’s one.

To better assess the differences between the two filters and the detectability of moons,
we also defined a quantity, A, as follows:

A = Ppr7ow — Prisoow, 4.1

where P is the periodogram’s power for the two different filters. Figure 4.3c shows A?
as a function of the moon’s orbital period, where the peak due to the input orbital period
(26.4h) is the most prominent feature. The vertical black lines correspond to false alarm
probabilities (FAPs), calculated according to the null hypothesis of non-varying data with
Gaussian noise.

Since photon noise is a stochastic process, Figure 4.3 shows only one of the possible
instances that we might expect from such a system. Figure 4.4 shows the same system
with 7}, = 600K at two different instances of shot noise, one where the moon’s peak is the
most prominent one (gray) and one where the shot noise interferes with the signal, result-
ing in a spurious feature (red). To assess the effect of the photon noise on the observability
of the exomoon signal, we performed the same calculation 103 times (see Appendix B)
and defined a true positive rate as the ratio of the instances in which the most prominent
peak is caused by the moon over the total number of instances. The relationship between
the FAP and the true positive rate is shown in Appendix C.

The signals of THEMs would appear between periods that can theoretically be con-
strained by taking into account their orbital stability. In a THEM search via photometric
orbital modulation, moon peaks would appear in periods larger than the Roche limit of a
particular system. In the following simulations, we took the smaller period limit at which
amoon’s signal can appear in the planet’s periodogram, which is equal to the Roche limit
for the modeled IPMO with radius R = 1.006R; and mass M = 4M,.

4.4 Results

In this section we present our results, firstly for the modeled 2.5 h variable planet at 3 pc
presented in Section 4.2.2. We then expand on the potential detectability of THEMs for
some typical systems.
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Figure 4.3: (a) Lomb-scargle periodogram for MIRI filter F770W. (b) Lomb-scargle pe-
riodogram for MIRI filter F1I800W. The THEM signal is diluted in longer thermal wave-
lengths. (c) A2 as a function of the moon’s orbital period for the 2.5 h variable IPMO and
an Earth-sized exomoon with 7, = 1000 K at an edge-on orbit at 3 pc. The dashed and
dotted black lines denote FAP = 0.5% and FAP = 80%. The red area shows the stable
moon orbit region, between the host’s Roche limit and the Hill sphere.
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Figure 4.4: Two instances of A, which is subject to shot noise, for the 2.5 h variable planet
and a THEM with T}, =600 K, at 3 pc, and 90 degrees inclination. The instance shown
with a gray line correctly identifies the input moon orbital period (26.4 h), in contrast to
the instance represented by a red line.The red area shows the stable moon orbit region,
between the host’s Roche limit and the Hill sphere.

4.4.1 Tidally heated exomoons around a 2.5 h variable planet at 3
parsecs

Figure 4.5a shows the true positive ratio of an Earth-sized moon as a function of its orbital
period and hotspot temperature (7}) at a 90° inclination. A black line is overplotted for
a true positive ratio = 50 %. For the majority of orbital periods, an Earth-sized moon’s
signal has a true positive rate of 50% for 7, = 550K. We note that F770W is not the
optimal filter for the detection of bodies with 77, in the entire shown parameter space;
however, such an analysis is out of the scope of this work.

There are some dark regions in Figure 4.5 that represent a true positive rate equal to
zero. These correspond to periods where the intrinsic variability of the host interferes
with the moon’s signal. Moons with orbital periods within this range would not produce
a detectable peak in the host’s periodogram regardless of their hotspot properties. The
periods at which this occurs cannot be predicted a priori; however, observations at a longer
IR wavelength (F1800W) can constrain them, assuming that there is a similarity between
the host’s variability periods in the two bands (Appendix A).

As is seen in Figure 4.5b, a smaller inclination (30°) does not significantly affect the
observable range of moon orbital periods. However, the hotspot temperatures that produce
detectable moon peaks are larger: ~ 600 K for an Earth-sized moon with 7, = 200 K.

4.4.2 Applicability to systems at larger distances

To evaluate the limits of this method in terms of system distance, as well as the moon
and hotspot parameter spaces that lead to detectable signatures, we calculated the T}, that



88 Discussion

30

28

25

9

=P g
o ©
° °
@ 20 50 >
o =
= w
g 18 S
= 30 g
15 =

12

10

400 600 800 1000 1200 1400 1600 1800 2000
Thorspot[K]

b)

Moon period [h]
N
o
w
o
True positive rate [%]

400 600 800 1000 1200 1400 1600 1800 2000
Thorspot[K]

Figure 4.5: True-positive ratio for an Earth-sized moon around the 2.5 h variable planet
as a function of the moon’s orbital period and 7. The system is assumed to be at 3 pc for
an (a) edge-on and (b) 30° inclined orbit.

results in a true positive rate = 50% (T}, s50) for a range of R,,, T}, R, (Figure 4.6). For a
system distance of <5 pc, exo-los as small as R,, = Rj, can be detected for high hotspot
temperatures (>1400K) in 140 h observations. For larger moons between 2 and 4 R;,, a
signal can be detected even for moderate 7}, (= 900-1500 and 500-700K, respectively).

4.5 Discussion

A THEM with hotspot temperatures similar to the ones seen on Io can produce a de-
tectable signature in JWST time-series data of IPMOs. We discuss whether a detection
can be justified from such a signal in putative exomoon hosts’ periodograms, which other
sources can produce such signatures, and factors that need to be taken into account when
extending the results in different systems.
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Figure 4.6: T, 50 as a function of the system’s distance for the modeled 2.5 h variable
planet with a 600 K effective temperature and different moon properties (orbital period =
27 h). For moon sizes between 2-4 R,,, a moon can be detected even for moderate 7}, and
T,, in 140 h observations. For very nearby systems, an exo-Io (R,, = R;,) can be detected
for high 7}, (>1400 K)

4.5.1 Other sources of such signals and synergies with other
exomoon detection methods

This paper focuses on the possibility of THEM signatures being present in MIRI/JWST
light curves. Assessing the probability that a particular peak within the stable moon orbital
period range is from a putative exomoon is out of the scope of this work. The latter would
depend, among other confounding effects, on the planet’s intrinsic variability itself, which
cannot be assumed a priori. However, there are strategies that can be used to follow up on
candidate exomoon signals.

Firstly, additional observations over long periods or within a period of time would al-
low for the planet’s variability to change over time. In contrast, the exomoon signal would
always appear at the same period, its orbital period, even if the location and intensity of
the hotspots change. A factor that might affect the interpretation of a signal is the integra-
tion time of each observation or the sampling frequency, as it can introduce false-positive
signals. Repeating an observation with a different sampling frequency can bypass these
false positives, and allow the exomoon signal to persist.

Other exomoon detection methods can serve as confirmation of the existence of a
THEM or vice versa. If a THEM is large enough and the orbital inclination is within the
range of transiting inclinations, it can produce detectable transits in the photometric light
curves of BDs or IPMOs (Limbach et al., 2022). However, the presented hotspot vari-
ability method is sensitive to exomoon detections in a much wider range of inclinations
compared to the exomoon transit method. Detection via IR excess (Limbach &Turner,
2013; Kleisioti et al., 2023), the detection of alkalines (Oza et al., 2019), or radio sig-
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nals induced by planet-moon interactions (Narang et al., 2022) can also contribute to
constraining the existence of a moon around a BD or DI exoplanet. Finally, the method
of spectroastrometry can also contribute to the confirmation of a THEM detection, as it
will be sensitive to similar, temperately warm moons with the upcoming Extremely Large
Telescope (ELT) (van Woerkom &Kleisioti, 2024). Radial velocity measurements of the
planet with current instrumentation are sensitive to binary-like moons (Lazzoni et al.,
2022) or to mass ratios much larger than the ones seen in the Solar System gas giants and
their satellites (Ruffio et al., 2023).

4.5.2 Hotspot time variability and spatial distribution on Io and
exo-los

This method is subject to the frequency of eruptions on a putative THEM. Persistent
volcanoes, like those seen on o, are more likely to be present on a THEM’s surface, since
they are stable for more than ~ 1 year; however, they have lower thermal fluxes. “Sudden
brightening events,” with higher temperatures, fade over a timescale of # 1 month, which
is much smaller than the observation time assumed in this work (140h), and thus also
likely to be detectable.

The spatial distribution of volcanoes needs to allow enough variability in a moon’s
phase curve and can boost or hinder a moon’s signal. A homogeneous distribution along
the surface of hotspots with similar properties would produce a flat moon phase curve.
On the other hand, two hotspots on the same hemisphere (even if they are smaller than
the modeled sizes) would enhance the moon’s periodicity amplitude.

4.5.3 Possibility of hotspot detection around cooler planets

Our current models assume a host planet temperature of 600 K. We note, however, that
if the host planet is colder than this, then cooler and smaller moons will be detectable
too, since the fraction, %, will be similar for colder volcanoes. Ultimately, the increased
fractional photon shot noise from the smaller fluxes from the host and exomoon will
require longer integrations to detect the moon at a similar significance.

In the case of host exoplanets with low effective temperatures, the possibility exists
that the planet itself is not detectable at all, while the hotspots on the warm end of the
hotspot parameter space can exceed NIRCam’s sensitivity at small distances from the
Earth (see Figure 4.7b).

4.6 Conclusions

We modeled the IR variability of a 600 K isolated planet and added phase curves of
THEMs with different hotspot, physical, and orbital properties. We conclude that a THEM
with hotspot temperatures similar to the ones seen on the Jovian moon, Io, can produce
detectable signatures in the host’s IR periodograms for a wide range of orbital inclina-
tions. For some exomoon orbital periods, which would depend on the planet’s intristic
variablity and cannot be known a priori, a detection is not possible independently of the
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Figure 4.7: Hotspots with radii of Rj, = Ry okiparera at 3 pc, around a cold undetectable host
of 150 K with (dashed line) or without (continuous line) clouds (Morley et al., 2014). The
vertical red and black lines correspond to the 100, 10000 s detection limits of NIRCam
(Rieke et al., 2023) and MIRI (Glasse et al., 2015), respectively.

hotspot properties. Synergies with other methods, such as exomoon transits and spectral
signatures due to volcanism, can contribute to confirming the presence of an exomoon.
When taking into account shot noise, this method can detect lo-sized satellites with vol-
canic temperatures >1400 K for distances <5 pc, and Mars to Earth-sized moons further
away for moderate volcanic temperatures around a 600 K planet. The latter detection lim-
its can be looser for moons around colder hosts. If a host is cold enough, direct detection
of a volcano is possible with NIRCam at 3 pc.
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A. Planet spectral variability

Figures 4.8 and 4.9 show the normalized flux variations with time, calculated by the IPMO
circulation model for an edge-on and a 30 deg inclined orbit.
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Figure 4.8: Host spectroscopic variability for an edge-on view. The period of variability
remains the same, while the amplitude of variability changes as a function of wavelength.
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Figure 4.9: Host spectroscopic variability (30°inclined). The period of variability remains
the same, while the amplitude of variability changes as a function of wavelength.
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B. True positive rate as a function of number of instances

Figure 4.10 shows the true positive rate as a function of the number of shot noise instances
(iterations). We chose 107 iterations as the number of iterations for the simulations shown
in Figures 4.5 and 4.6.
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Figure 4.10: True positive rate as a function of the number of shot noise instances for an

Earth-sized moon with 7}, = 600 K, an orbital period of 26.4 h (blue line) and 7}, = 800
K, and an orbital period of 33.5 h (orange line).

C. False alarm probabilities as a function of the true positive rate

This section refers to the FAP calculations that are presented in Section 4.3 and shown in
Figure 4.3. We calculated the FAPs and confidence intervals using a Gamma distribution
with a scale parameter equal to the variance of the 95¢h percentile of the time-domain data
and a shape parameter equal to one, as the square magnitude of each frequency coefficient
for time domain data with Gaussian noise approximates a Gamma distribution. Figure
4.11 shows the percentage of correctly identified moon peaks that are detected with FAPs
smaller than 10% and 50 % as a function of the true positive rate.
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Figure 4.11: Percentage of correctly identified moon peaks with > 90% confidence (black
line) and > 50% confidence (red line) as a function of the true positive rates, for Earth-
sized moons with an orbital period of 26.4 hours.



) Modeling the interiors of Trappist-1f, g, h:
Tidal Heating, Subsurface Oceans, and Cry-
ovolcanic Activity

Submitted to Astronomy & Astrophysics

E. Kleisioti, D. Dirkx, A. Louca, M. Rovira-Navarro, M. A. Kenworthy

Aims.We model the interior of the Trappist-1f,g,h exoplanets with contributions from
tidal and radiogenic heating. We constrain the thickness of heat-producing layers that can
maintain equilibrium with a given thickness of the outer shell, and, thus, we identify in-
terior structures that are in thermal equilibrium, consistent with the most recent observed
mass and radius of the planets. We estimate the total internal heat and assess whether it is
sufficient to drive detectable cryovolcanic activity.

Methods.We use an interior model that considers a spherical and radially symmetric
planet with an icy shell covering a subsurface ocean and a thermal model, that takes into
account tidal heat, as well as radiogenic heat produced from the radioactive elements ac-
cumulated in the mantle. We approximate the rate of volcanic outgassing by scaling with
the Earth’s volcanic outgassing, driven primarily by radiogenic sources. We use radiative
transfer to create synthetic transmission spectra of a water exosphere. We generate syn-
thetic NIRISS/JWST data for a configuration where the outgassing is evenly distributed
over the surface, and one where the outgassing is concentrated at the planet’s limb.
Results.We find that for all three planets the tidal heat in the mantle is negligible compared
to both the tidal heating in the high pressure ice layer and the expected radiogenic heat.
Trappist-1f and g are in thermal equilibrium for outer shell thicknesses between ~ 4 and
10 km, with a water subsurface ocean with thicknesses between ~ 90 and 120 km. In
agreement with previous work, Trappist-1f produces the highest values of water column
densities. The maximum water column density at 1.1 X 10'8’:;—‘;1 is not detectable with
NIRISS. Detecting cryovolcanic outgassing at the level of ~ 15 X MvolC,Emh (that is, 15
times the volcanic mass outgassing rate of Eart) would require approximately 450 transits.
This corresponds to a scenario in which nearly 90% of the planet’s available interior heat
is converted into volatile outgassing, representing a theoretical upper limit, well above
Earth’s estimated values.

Conclusions.The interior structures of Trappist-1f and g would be, under the assump-
tions of our model, in thermal equilibrium only in cases where the outer ice I shell is
relatively thin, and thus, a subsurface ocean would be likely in direct contact with the
surface through cryovolcanism, in agreement with previous work. Trappist-1 h would be
in thermal equilibrium for thicker ice-shells. The most optimistic configuration of cryo-
volcanic outgassing for Trappist-1f would require over a decade long campaign with the
JWST. Future efforts to detect cryovolcanism may benefit from targeting exoplanets with
higher orbital eccentricities, where increased tidal dissipation could lead to larger rates of
water outgassing.
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5.1 Introduction

Since the discovery of the Trappist-1 planet system (Gillon et al., 2017), the system has
provided an intriguing opportunity to the exoplanet community for observational and the-
oretical studies(see e.g. Krissansen-Totton &Fortney, 2022; Zieba et al., 2023; Pichierri
et al., 2024; Schoonenberg, Djoeke et al., 2019)). Trappist-1 hosts seven known, transit-
ing exoplanets in orbital resonance, and in almost edge-on orbits (Teyssandier et al., 2022;
Agol et al., 2021). It is the first known system of potentially rocky, terrestial exoplanets
with incident fluxes in the range of the Solar System rocky planets, three of which are
located within the star’s habitable zone.

The small radius of the star aids the planets’ characterisation. Agol et al. (2021)
performed an analysis of transit timing variations (TTVs) that includes all transit data
from Spitzer since the discovery of the system, and provided precise mass, and radius
measurements for the planets. In addition, they observed a slight downward trend of
density with orbital distance. One possible explanation is different volatile/water content
for the seven planets. If confirmed, the three outer planets, f,g, and h, might have between
4.5 and 6.4 wt% water assuming an Earth-like core (Agol et al., 2021). The latter, together
with their low equilibrium temperatures, makes them good candidates for “cold ocean
planets” (Quick et al., 2020).

Cold ocean planets are “ocean-bearing worlds with ice covered surfaces” (Quick et al.,
2020). Their interior structure and properties are expected to be similar to those of the
Solar System icy moons (Ehrenreich et al., 2006). As such, they might harbor subsur-
face oceans fueled by tidal or radiogenic heating, underneath an icy shell (Nimmo &Pap-
palardo, 2016). Cold ocean planets might be in abundance in the galaxy (Zeng et al.,
2019), and are significant targets for habitability and astrobiology studies. Several candi-
date worlds of this nature have been proposed. For example, Quick et al. (2023) identi-
fied 17 planet candidates that might be icy, including Trappist-1,f,g,h, according to their
measured densities and equilibrium temperatures. Another planet, whose properties are
compatible with a water-rich planet covered in an icy surface is LHS 1140 b (Quick et al.,
2020, 2023; Cadieux et al., 2024).

Several studies have characterized the possible water-bearing interior of Trappist-
1g.f,)h planets (see e.g. Barr et al., 2018; Dobos et al., 2019). Acuia et al. (2021) studied
their putative hydrospheres by modelling their pressure-temperature profiles, and con-
cluded that water on the planets would be in solid phases. The planets’ non zero orbital
eccentricity and short orbital periods suggest that tidal heating might be significant in
their thermal budget (Luger et al., 2017). Barr et al. (2018) studied tidal heating in the
Trappist-1 system, and indicated that the interior of the outer planets could have similar
geodynamics as Solar System icy moons.

If the outer Trappist-1 planets indeed have similar internal structures and geological
features to icy moons, they might also exhibit cryovolcanism. Cryovolcanism has been de-
tected on Enceladus (Porco et al., 2006), Europa (Fagents et al., 2000; Fagents, 2003; Roth
et al., 2014; Jia et al., 2018), Triton (Croft et al., 1995), and other icy bodies in the Solar
System (Fagents et al., 2022) and is a source of water outgassing, contributing into the for-
mation of exospheres. In the Solar System, some icy moons exhibit tenuous exospheres
or outgassing activity, such as Europa, which has an oxygen dominated exosphere (Smyth
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&Marconi, 2006; Oza et al., 2019a), and Enceladus, which possesses water vapor plumes
that feed a diffuse torus around the moon (Villanueva et al., 2023; Porco et al., 2006). Our
knowledge on the atmospheres of the Trappist-1 planets is limited, including whether or
not they possess atmospheres in the first place. The extended Pre-Main-Sequence (PMS)
phase of M-dwarf stars, like Trappist-1, makes the planets subject to atmospheric loss,
due to their stars’ prolonged high luminosity and intense XUV emission (Luger &Barnes,
2015). However, some efforts have been conducted for the observational characterizarion
of the Trappist-1 atmospheres; de Wit et al. (2018) ruled out cloudless, hydrogen domi-
nated atmospheres for planets d, e and f. In addition, Zieba et al. (2023) found evidence
of either tenuous or no atmosphere for planet ¢, and the photometric secondary eclipse
observations of Greene et al. (2023) hint that planet b is most probably a bare rock.

Tidal models of varying complexity have been applied to study bodies and moons
within the Solar System (Rovira-Navarro et al., 2022; Bierson &Steinbriigge, 2021)
and exoplanet systems (Henning &Hurford, 2014; Shoji &Kurita, 2014; van Woerkom
&Kleisioti, 2024). They range from models that assume tidal parameters that are inde-
pendent of the orbital period and interior structure (constant-Q approach), and more com-
plicated multi-layered approaches, which take into account the viscoelastic behavior of
each layer material properties (Kleisioti et al., 2023; Rovira-Navarro et al., 2021). Since
the discovery of the Trappist planets, several authors have attempted to constrain their
interior structure and potential dynamics assuming that the outer planets Trappist-1 f,g,
and h, are “cold ocean worlds”. Quick et al. (2023) obtained ice shell thicknesses, tidal
heating rates and cryovolcanic column densities. They used the constant-Q approach to
assess tidal heating, which does not take into account the dependency of tidal parameters
on the rheological and orbital parameters of the planets , and has been found to underesti-
mate tidal heat production (Ross &Schubert, 1989). Barr et al. (2018) also modeled tidal
heating in the system, however they did not use the updated mass and radius constraints
of Agol et al. (2021), resulting in significantly higher predicted water contents.

In this work, we examine the interior structure compatible with the updated density
estimates using a multilayer, viscoelastic approach and examine the potential for cryovol-
canism and its remote detection. By constraining the heat generated within each layer,
we can determine the range of internal structures compatible with a given ice shell thick-
ness and assess the total internal heat budget. We focus on the possibility that the outer
planets Trappist-1 f,g, and h contain water and do not possess thick atmospheres, with
the goal to assess possible thermal equilibrium states, and whether exospheres can be de-
tectable with JWST. We model fully differentiated planets with an icy shell, subsurface
ocean, high pressure ice layer (HPI), mantle, and a core, and obtain interior structures
in thermal equilibrium. We study the possible thermal states of an icy shell and a sub-
surface ocean on Trappist-1f,g,h, using thermal models that have been applied to Solar
System icy satellites. To do so, we use the planet masses and radii of Agol et al. (2021),
together with a tidal model that captures the behavior of material properties as a func-
tion of the orbital period. In Section 5.2 we describe our thermal, tidal, and volcanic
outgassing models. In Section 5.3 we present the interior constraints for Trappist-1f, and
cryovolcanic detectability results. Section 5.4 compares our results to previous work,
and discusses whether thermal equilibrium interior structures can generate cryovolcanic
signatures detectable with JWST.
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5.2 Methods

We assume a fully differentiated body, with radially homogeneous layer properties that
consist of an iron core, a silicate mantle, a high pressure ice (HPI) layer that accounts for
the possible presence of the water ice polymorphs II through VII (e.g. Jaccard (1976)),
a liquid, subsurface ocean and an ice I shell with densities p., Pm, PHPI> Pocean AN Pice s
(Dobos et al., 2019; Barr et al., 2018). For our work, we require a model to determine
feasible interior structures of the planets that are compatible with the mass and radius
values (see Table 5.2), under the assumption of thermal equilibrium. Here we describe
the thermal model (Section 5.2.1) used to calculate the equilibrium states of the ice I shell,
and the tidal model (Section 5.2.2) to determine the heating in the dissipative layers of the
planets’ interior. We describe the planets’ thermal equilibrium model in Section 5.2.3.

5.2.1 Heat transfer model

For the heat tranfer model of the ice I shell, we follow the approach of Sohl et al. (2003a),
who modelled the thermal structure of Titan’s ice shell. The ice I shell is divided into
a conductive outer layer and a convective sub-layer, as is typically modeled for Solar
System icy moons (see e.g. Hussmann et al., 2002; Green et al., 2021). The heat that is
transported through the conductive stagnant lid layer is:

Qcond _ (Ttop - TS)

47TR%) Dcond
Where Rp is the planet’s radius, D,y is the thickness of the conductive layer, T's and
Tr,)p are the surface and top temperature of the convective layer and k is the thermal

conductivity coefficient, assumed to be equal to 3.3 W m~'K~! (Spohn &Schubert, 2003).
The equation for heat transport in the convective, sublayer is:

5.1)

conv Tm - To R A
0 _ ) ( Ra (5.2)
4”(RP - Dcond)z Dconv Rac

Where D,,,, is the thickness of the convective layer, T}, is the melting temperature of the
ice I, and Ra and Ra, are the Rayleigh and the critical Rayleigh number (in the order of
10? (Schubert et al., 1979)). The Rayleigh number is given by Equation 5.3. Convection
becomes a significant mechanism for heat transport in the ice shell when Ra > Ra.. If
Ra < Ra, we assume that the ice shell is purely conductive (Equation 5.1).

a’pice,l gp (Tm - Tm[?)Dgonv

K r](Tint)

Where o and « are the ice I thermal expansion coefficient and thermal diffusivity equal to
1.6 x 107K~ and 1.47 x 107°m?s~! respectively (Sohl et al., 2003a). gp is the surface
gravity of each planet and 7(T;,,) is the viscosity of the convective layer’s mean tempera-
ture (Ti).

In thermal equilibrium, the heat flux (Q,,) that is tranferred through the conductive
layer is equal to the flux convected through the sublayer:

Ra =

(5.3)
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Ocond = Qconv = Qeq (54)

To obtain the thermal equilibrium state of the ice I shell, we solve Equations 5.1,5.2,5.3
and 5.4 iteratively for the layer thicknesses (Djzag, Deony) and the equilibrium heat flux
Q., for different values of total ice I layer thickness (D). To do so, we firstly assume
a value for D, which is the free parameter in our interior models. This sets the pres-
sure, and thus, the melting temperature at the bottom of the convective layer (7},), at the
depth Rjc.s, as seen in Figure 5.1. The melting temperature is calculated as a function
of pressure, as shown in Figure 5.8 for an ammonia containing ocean of 5 wt.% (Grasset
et al., 2000). These concentrations are consistent with those inferred for icy Solar System
bodies, like Titan, where ammonia acts as an antifreeze facilitating the existence of sub-
surface oceans under cold conditions (Sohl et al., 2003b). Furthermore, formation beyond
the water ice line of Trappist-1f,g,h (see Section 5.4.3) would promote the accretion of
volatile compounds, including ammonia. With the assumption that the ocean is isother-
mal we calculate the pressure at the bottom of the ocean, and thus the thickness of the
ocean, and the radius Ryp;. This process is visualized in the red segment of Figure 5.2.
For more details on the iterative method, we refer the reader to Sohl et al. (2003a).

5.2.2 Tidal response model

The amount of tidal heat dissipated in the interior of a planet is given by Equation 5.5 (eg.
Segatz et al., 1988).

5
E= —22—11m(k2)(”§) &
Where 7 is the planet’s mean motion, e the orbital eccentricity of the planet, and G the uni-
versal gravitational constant. We are assuming that the planets are rotating synchronously
(Lobo et al., 2023; Turbet, Martin et al., 2018). In addition, we assume that the planets
have zero obliquity, and therefore have zero obliquity tides.

Im(k,) is the imaginary part of the k, Love number, which describes the deformation
of the planet’s gravity field due to the tidal interactions with the host star. Im(k,) depends
on the interior structure (and hence the mass of the dissipative layers), properties, rhe-
ology of the planet and its orbital period (Segatz et al., 1988; Renaud &Henning, 2018;
Shoji &Kurita, 2014). We computed the tidal dissipation using the viscolestic theory for
self gravitating bodies (see e.g. Peltier, 1974; Sabadini R., 2016) with the Maxwell rheo-
logical law, which connects stress and strain, and has already been applied to study Solar
System moons (Hussmann &Spohn, 2004; Fischer &Spohn, 1990; Tobie, G. et al., 2019;
Roberts &Nimmo, 2008; Rovira-Navarro et al., 2022) and exoplanet systems (Rovira-
Navarro et al., 2021; Dobos &Turner, 2015; Hay &Matsuyama, 2019). By solving the
equations of motion for the deformation of each layer in the Fourier domain via the corre-
spondence principle (Peltier, 1974), we obtain the gravitational potential at the surface and
thus, the Love number. We use the method described by Rovira-Navarro et al. (2024) for
spherically symmetric bodies, and use the the LOV3D software package (Rovira Navarro
&Matsuyama, 2024) to compute the tidal dissipation in each layer for a given planetary
structure.

(5.5)
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Figure 5.1: Schematic overview of the interior model of Trappist-1f,g,h. The ice I layer
is divided into a conductive and a convective sublayer. The thermal model determines the
thickness of the conductive and convective layers, Ric.;, Rypr, and Q4. The tidal model
computes the tidal heating rates in the HPI, and the mantle. The layer boundaries are
not to scale. Note that the convective layer is only present for a sufficiently high (> 10°)
Rayleigh number

The rheological and physical properties that were used for the thermal and tidal mod-
els are presented in Table 5.1, while the orbital properties of each planet are shown in
Table 5.2. We evaluate the tidal dissipation occurring in the HPI, mantle and ice I layers.

5.2.3 Interior heat balance and structure calculation

The heat transfer model described in Section 5.2.1 provides the heat flux for a given value
of the ice I layer thickness (D), and the associated thermal equilibrium heat output
(Qeq)- In this manner, Q,, is a function of D;... For the entire planet to exist in equilib-
rium, Q,, should be equal to the amount of heat that is produced in the interior. Our aim
is to determine the mass and thickness of each interior layer - the core (m,.), mantle (m,,),
and high-pressure ice (HPI) layer (mypy) - for a range of ice shell thicknesses (D), such
that the total internal heat production is consistent with Q., and measured planetary mass
and radius.

We focus on two dominant sources of interior heat: tidal heating in the HPI layer
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Table 5.1: Physical and rheological properties of the interior model layers.

Parameter + Symbol Value Reference
HPI Viscosity (7gp;) 10" Pas (Barr et al., 2018)
Mantle Viscosity (17,,) 10%° Pa s (Lau et al., 2016)
Ice I Viscosity (1icer) 10 Pa's (Barr et al., 2018)
HPI shear modulus (mugp;) 3.5x 10 Pa (Barr et al., 2018)
Mantle shear modulus (mu,,) 7 x 10'° Pa (Segatz et al., 1988)
Ice I shear modulus (mu;..;) 3.3x10° Pa (Hussmann et al., 2002)
HPI density (ogpr) 1310 kg m™3 (Sohl et al., 2003a)
Mantle density (0,,) 5000 kg m™> (Barr et al., 2018)
Ice I density (0jce.1) 917 kg m™ (Sohl et al., 2003a)
Ocean density (0pcean) 950 kg m™3 (Sohl et al., 2003a)
Core density (0core) 12050 kg m™3 (Barr et al., 2018)

Table 5.2: Planet parameters used in the model.

Parameter Symbol Trappist-1f Trappist-1g Trappist-1h
Planet mass [Mg] M, 1.039 £ 0.031 1.321 £0.038 0.326 + 0.020
Planet radius [Ro] R, 1.0450013 112970013 0.775+0.014
Equilibrium temperature [K] Ty 192 174 151
Orbital period [days] P 9.20 12.35 18.77
Orbital eccentricity e 0.01007 0.00208 0.00567

Note. The planet as well as the star parameters that were used in order to calculate the planets’
equilibrium temperatures are taken from Agol et al. (2021). For the calculation of 7., we assumed
A = 0.4 to account for possible surface contamination and the lower reflectivity of ice at near-infrared
wavelengths, where M-dwarf spectra peak (Shields et al., 2013). Eccentricity values are taken from
Grimm et al. (2018).

and radiogenic heating in the silicate mantle, and assume that the heat flux through the
ice shell (Q¢q) must equal the sum of the radioactive decay (Q,qq) that is produced by
the accumulation of radioactive elements in the silicate mantle, and the tidal heat that is
produced in the high pressure ice layer (Qyizu.mpr)(see Eq. 5.6). We validate the latter
assumption later in this Section.

Qeq = Qtidal,HPI + Qrad (5 6)

For the calculation of Q,.s, we follow the approach of Schubert et al. (1986), and
use Equation (1) from Hussmann &Spohn (2004), which expresses the radiogenic heat
production as a function of mantle mass (m,,). We assume a mantle with chondritic com-
position and a system age of 7.6 Gyr (Burgasser &Mamajek, 2017). We estimate the tidal
heat produced in the high-pressure ice layer, Qg npi, from the total tidal dissipation rate
given by Equation 5.5. The value of Qy;q gpr depends on the mass and thickness of the HPI
layer, through their influence on the layer’s rheology and the overall viscoelastic response
of the planet.

To constrain the full interior strucutre, we can apply the following constraints, which
describe the mass conservation (Equation 5.7), and the geometry of the system (Equation
5.8), solving for the radius of the HPI layer (Rypy).
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Mp = Me + My + Mocean + Mice, ] + MHPT (57)
3\ !

Rypr = (—) (mHPI + @ + e ) (58)
4 PHPI Pm  Pcore

Where m; s is the mass of the ice I shell. The rest of parameters in Equations 5.7, 5.8 are
described in Table 5.1.

Dice
Isothermal
ocean D Heat
ocean
Tm > transfer
Rie model
Ice shell thermal equilibrium
Eq. 1,2,3,4
Dconv, Dstag, Qeq
Eq. 6,7, 8
Tidal model Qtidal,HPI|; Qrad
l Thermal
equilibrium
MHPI, Mm, M, model
WMF, CMF

Figure 5.2: Schematic of the parameter calculation process. The red segment visualizes
the heat transfer model in the outer ice shell, which is described in Section 5.2.1. The grey
segment describes the process of calculating the thermal equilibrium in the entire planet
(Section 5.2.3). The latter thermal equilibrium dictates that Qcy = Qridaripr + Qraa

Since Qyiqypr is a function of myp; (see Section 5.2.2) and Q,,, is a function of m,,,
we solve the system of equations 5.6, 5.7, 5.8 for m,,, myp;, and m, for a range of Dj,.
Thus, we calculate m,, m,,, mgpr, Qraq, and Qjigqrmpr as a function of D;.,. This allows
us to derive the corresponding the corresponding Core Mass Fractions (CMF) and Water
Mass Fractions (WMF) values as a function of D;... The gray boxed region of Figure 5.2
visualises the calculation process described in this Section.

We finally assess whether the assumption made in Equation 5.6 is valid. We recom-
pute the expected tidal heating rates in the different layers, as seen in Figure 5.3 for the
computed interior structures with varying HPI, mantle, and core masses. In all cases, we
conclude that the tidal heating rate in the mantle (Qyiga1,,) 1S at least one order of magni-
tude lower than both the tidal heating in the HPI and the expected radiogenic heat (see
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Figure 5.3), while the tidal heat in the ice I shell (Qigaricer) 18 typically four orders of
magnitude smaller than the total heat generated in the interior (see Figure 5.9), validating
our intial assumption of neglecting Qyigurm and Qigaiicer in Equation 5.6.

CMF
0.10 0.27 0.43 0.59 0.76
10°
— 102
=)
—
SR
1 L
= 10 —Q,
o — Qyigar
= 100 3 Qrad
107 — J : ' :
5 6 7 8 9
Dice [km)]

Figure 5.3: Comparison of heat contribution from several sources for Trappist-1f as a
function of ice shell thickness. Tidal heat in the mantle is negligible in the entire parameter
space, while radiogenic heat and tidal heat in the ice shell both contribute significantly to
the ice sheet equilbrium heat. Trappist-1f due to its size and eccentricity has the highest
tidal heat of the three planets.

5.2.4 Modelling observations of cryovolcanic activity

Cryovolcanic activity has been observed on Saturn’s moon, Enceladus (Villanueva et al.,
2023; Spencer et al., 2018), and is also suspected on Jupiter’s moon, Europa, based on
multiple detections (Roth et al., 2014; Sparks et al., 2017; Paganini et al., 2020). How-
ever, the detection reported by Sparks et al. (2017) remains controversial (Giono et al.,
2020). In the case of Enceladus, a subsurface ocean is located < 10 km beneath the south
polar surface (Iess et al., 2014), and is estimated to thin to less than 5 km in this region
(Cadek et al., 2016). This makes the cryovolcanic plume likely to originate directly from
the ocean (Manga &Wang, 2007). Cryovolcanic activity on Enceladus is thought to be
regular and has been found to be correlated with the orbital period (Ingersoll et al., 2020)
and tidal stresses (Hedman et al., 2013; Soucek et al., 2024). On the other hand, cryovol-
canic eruptions on Europa are sporadic (Sparks et al., 2017). In particular, Paganini et al.
(2020); Phillips et al. (2000) show that large cryovolcanic eruptions are likely rare, and
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Fagents et al. (2000) suggest that smaller eruptions are likely to occur more frequently.
Given an ice shell of ~ 25-30 km (Quick &Marsh, 2015), cryovolcanic activity on Europa
is thought to originate from water pockets that are located within the ice shell (Fagents,
2003; Manga &Wang, 2007).

Similar geological features, including volcanism and cryovolcanism, may be present
on exoplanet systems (Kleisioti et al., 2024; Quick et al., 2023, 2020; Oza et al., 2019b;
Meyer zu Westram et al., 2024; Guenther &Kislyakova, 2019). However, predicting cryo-
volcanic outgassing on cold ocean exoplanets is challenging because it can be influenced
by poorly constrained parameters and interior processes, including the total internal heat
production, possibly the fraction of that heat generated by tidal dissipation, and the thick-
ness of the outer ice shell. While surface fractures, like Enceladus’ tiger stripes, may form
solely due to tidal stretching and compression, radiogenic heating can also contribute to
maintaining subsurface liquid reservoirs (Leone et al., 2021). If tidal dissipation is suf-
ficient to create cracks, radiogenic heat may further sustain or enhance internal melting,
and together these heat sources can maintain subsurface oceans that enable cryovolcanic
activity (Ingersoll et al., 2020; Neveu &Rhoden, 2019).

To approximate the cryovolcanic outgassing we use the analogy of Oza et al. (2019a);
Quick et al. (2023) which relates outgassing rates of Solar System icy moons to tidal
heat production. However, since radiogenic heating dominates over tidal heating in the
Trappist-1 planets by several orders of magnitude, we compare their total outgassing to
the Earth’s volcanic outgassing. This comparison serves as a scaling relation between
total internal heat production and outgassing rate, using Earth as a reference point for
linking radiogenic heating to outgassing (Equation 5.9).

E Total

Myoie ( - )MVOIC,Earth (5.9

Total,Earth

Where Er, is the planet’s total interior heat, equal to the sum of the tidal and the ra-
diogenic heat. E7omr garm = 47 X 1012W is the Earth’s surface heat flow (Davies &Davies,
2010). Mvyoicgarn = 10.7 x 10° kg/s is the Earth’s estimated volcanic outgassing rate of
water vapor, assuming a molar fraction of 60% H,O and 40% CO, (Sigurdsson et al.,
1999), and a global CO, mass rate of 0.54 Gt/year, corresponding to a total volcanic gas
mass rate of ~ 1.3 Gt/year (Burton et al., 2013). The total volcanic outgassing M, that
is promoted by E7, can also be expressed in terms of the gravitational binding energy
of a water molecule to the planet (U):

E Total
U

Myoic = 1 My (5.10)

Where 7 is an efficiency factor describing how efficiently the internal energy is used
to power volcanic outgassing (Oza et al., 2019b), my, is the mass of one water molecule.
An efficiency factor of 7 = 1 would represent the theoretical upper limit, where all the
available energy is used for the outgassing of water. In reality, this value is much lower.
For Earth, when substituting the total outgassing and ETotal, Earn into Equation 5.10, 77 is

GM ,n

~ 0.04. The gravitational binding energy U is equal to % (Johnson et al., 2015).
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We calculated the column density of H,O, N, that is ejected based on the relation
(Oza et al., 2019a; Quick et al., 2023):

VH
57n mmp,o0 R%, \/g_p

Nvoie = ( )MVOIC (511)

Where H is the atmospheric scale height. N, can be used to calculate the density pro-
file of water within the atmosphere. The total surface pressure is the sum of all partial
pressures, also known as Dalton’s law of partial pressure, Py = P + P + ... + P, with
n species in the atmosphere. Assuming the atmosphere is only composed of outgassed
water, the total surface pressure is simply the partial surface pressure of water:

P[ot = PVO[C = NVolc mp,o0 gp (512)

where Py, is the partial surface pressure of the outgassed water. Assuming an exponen-
tial decay model for the density of the planet’s atmosphere, we get a density profile of the
outgassed water. This density profile assumes an isothermal atmospheric profile. We set
the temperature equal to the equilibrium temperatures 7,, shown in Table 5.2. We then
forward this density and isothermal profile to a radiative transfer code, petitRADTRANS
(Molliere et al. 2019; 2020; Alei et al. 2022), to calculate the transmission spectrum. We
make use of the POKAZATEL linelist (Polyansky et al. 2018) for the water opacities. We
model the spectrum from 0.2 to 2.5 micron, covering several water features. Finally, we
forward these synthetic transmission spectra to the PandExo Exposure Time Calculator
(Batalha et al. 2017) to generate mock JWST data points using the NIRISS Substrip 256
instrument. We make use of the Phoenix models for the stellar spectrum of Trappist-1.

Given their relatively close-in orbits and the active nature of TRAPPIST-1, exospheres
may form not only through outgassing from cryovolcanic activity, but also via the mass
loss through thermal esacpe caused by XUV activity (Wordsworth et al., 2018; Luger
&Barnes, 2015)(see also Section 5.4.3). Quick et al. (2023) modeled this latter phe-
nomenon by calculating the water mass loss rate under the XUV flux of Trappist-1, and
translating it into column densities produced by the XUV-driven escape. We account for
this contribution in our final column density by adding the values of the XUV produced
water column densities from their Table 5 to our calculated Nygc.

We consider two distinct configurations for the spatial distribution of cryovolcanic
outgassing on each planet. The first represents a worst-case scenario for detectability,
where the outgassing material is uniformly distributed across the planet’s surface. This
scenario assumes that geyser-like plumes are globally distributed over the planet’s surface,
and results in a homogeneous volcanic density N, over the planet’s three-dimensional
sphere. In contrast, the second configuration represents a best-case scenario, where out-
gassing is localized at one pole of the planet. The latter case resembles the case of Ence-
ladus, where cryovolcanic activity is focused at the south pole in the tiger stripes region.
By exploring these two extreme scenarios, we aim to assess the feasibility of observing
cryovolcanic activity on Trappist-1f, g, and h.
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5.3 Results

We first present our results by exploring the possible interior structures that achieve ther-
mal equilibrium. Next, we examine the resulting water column densities these structures
can produce and infer their potential impact on observations.

5.3.1 Possible interior structures of the planets Trappist 1 - f,g,h

In Figure 5.4a, we present the interior structure of Trappist-1f (Reores Rimanties Rupr) as a
function of D;., (see Section 5.2.3). Figures 5.10, 5.11 present the corresponding Figures
for Trappist-1,g and h. A given D, thickness can transport an amount of heat equal
to the radiogenic heat generated in the mantle and the tidal heat produced in the HPI
layer. Thicker ice I layers can transport smaller amounts of heat. The latter translates to a

structure with higher Aj;flePII ratios, as seen in Figure 5.3. Thus, as D, increases, the ratio
antle

% also increases (Figure 5.4). The various interior structures are consistent with the
observed densities of the planets. As a result, the calculated range for ice shell thickness is
limited; thicker ice shells reach thermal equilibrium at lower O, values. Achieving such
equilibrium requires a larger core, since a smaller mantle reduces radiogenic heating.
This, in turn, prevents the total internal heat (radiogenic from the mantle and tidal from
the high-pressure ice (HPI) layer) from exceeding the heat transfer capacity of the ice
shell. Thus, the high-pressure ice (HPI) layer expands rapidly with D;.,, compensating
for the increased core size.

The right horizontal-axis limit of Figure 5.4 corresponds to the case of a planet with-
out a mantle layer, meaning that the iron core would be in direct contact with the HPI
(CMF = 0.75). The left horizontal-axis limit is consistent with an interior structure that
lacks a HPI layer. Such an interior structure corresponds to the minimum WMEFE. Smaller
WMF’s would not be compatible with Trappist-1f,g,h having an icy shell with a subsur-
face liquid ocean under the assumptions of our model. Although modifying the physical
and rheological parameters shown in Table 5.1 would change the exact numerical results,
the overall trends and magnitudes remain representative of a body with the layered in-
ternal structure we consider. Without an HPI layer, the subsurface ocean would be in
direct contact with the mantle, a configuration particularly important for astrobiological
and habitability studies, since it allows for the potential exchange of essential elements
between the rocky interior and the ocean, as is believed to occur on Europa (Hand et al.,
2022).

Figure 5.4b shows the thickness of the stagnant lid, convective layer, and ocean layer,
as a function of Dj,. If Trappist-1f has a CMF of 0.5 and an ice shell in thermal equi-
librium, the ocean, approximately 100 km thick, would lie about 6 km beneath an almost
entirely conductive ice shell. The extremely thin convective shell thickness supports the
assumption of a conducting ice I layer made in this work (Section 5.2.2), in contrast to
the convective, thicker ice shells observed on icy moons within the Solar System (see e.g.
Hussmann et al., 2002).

We present the thermal equilibrium interior structure parameters for Trappist-1f,g,h in
Tables 5.3, 5.4, 5.5 respectively for CMF=0.18, 0.32, and 0.5 assuming that the planets
have not been exposed to events that could have stripped away their mantle, such as mantle
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evaporation (Cameron, 1985). For the planets Trappist-1f and g, even in the case of a large
CMF equal to 0.5, a subsurface ocean would exist below an ice shell of thickness < 10 km.
Such a thin ice I shell hints that the ocean is more likely to be in direct contact with the
surface through fractures in the icy crust. As a result, a plume would likely be composed
of material originating directly from the subsurface ocean, similarly to the cryovolcanic
mechanism on Enceladus (Quick et al., 2023; Postberg et al., 2018; Porco et al., 2014).
Trappist-1h, the least massive of the three planets, exhibits equilibrium interior structures
with an ice layer thickness > 10 km. This raises the possibility that any cryovolcanism
on Trappist-1h could resemble that of Europa, coming from water-pockets in the ice (see
Section 5.2.4) (Quick et al., 2023).

In the following section we discuss whether cryovolcanism could be observed with
spectroscopic observations on Trappist-1f,g,h.
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Figure 5.4: a. Interior structure as a function of D, for the planet Trappist-1f. b. Thick-
ness of the stagnand lid, convective and ocean layers as a function of D;,.
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Table 5.3: Interior and thermal parameters of Trappist-1f in thermal equilibrium for dif-
ferent values of CMF.

Parameter Symbol CMF =0.11 (min) CMF=0.18 CMF=0.32 CMF =0.50
Thickness of ice I layer [km] Dices 4.7 4.9 5.6 6.8
Ocean thickness [km] D ycean 117.4 117.1 115.4 111.5
Water mass fraction WMF 0.019 0.038 0.085 0.14
Water column density
- Favorable configuration [mol/m?] Nvyoic 1.1x 10" 1.0x 10'8 9.4 x 10" 8.2 x 10"

Table 5.4: Interior and thermal parameters of Trappist-1g in thermal equilibrium for dif-
ferent values of CMF

Parameter Symbol CMF =0.09 (min) CMF=0.18 CMF=0.32 CMF =0.50
Thickness of ice I layer [km] Dicer 5.2 5.9 7.2 9.2
Ocean thickness [km] Docean 112.5 110.0 104.4 95.6
Water mass fraction WMF 0.011 0.030 0.059 0.080
Water column density
- Favorable configuration [mol/m?] Ny, 9.9 x 10" 9.6x 10'8 8.4 x 10" 6.6 x 10"

5.3.2 Observations of cryovolcanic activity

Figure 5.5a shows N, as calculated from Equation 5.11 as a function of the planet’s
CMF and Im(k,), for Trappist-1f, the planet with the highest water column density (see
Tables 5.3, 5.4, 5.5). N, is shown both for (1) cryovolcanism where outgassing is con-
centrated on one pole of the planet (blue line), and (2) cryovolcanism where outgassing is
globally distributed over the planet’s entire surface (black line). Any other distribution of
outgassing on the surface is anticipated to produce a signal that falls between these two
cases. Smaller CMF values are linked higher N, values, which can be explained by the
fact that larger CMFs correspond to greater ice layer thicknesses Djc. (see Section 5.3.1),
resulting in lower equilibrium heat Q. If cryovolcanic outgassing depends primarily on
the amount of generated tidal heat, Nyoc would increase with CMF, because a higher CMF
is associated with a thicker HPI layer, which would generate more tidal heat. Therefore,
depending on whether cryovolcanism is driven by Q.4 or Qyg, interior structures with
lower or higher CMF values may be more observable. Figure 5.5b presents N, for the
homogeneous (black) and favorable (blue) configuration as a function of M.

Figure 5.6 presents the spectrum of a bounded water exosphere on Trappist-1f for two
different values of N,,.. These figures were created using a radiative transfer code and
exposure time calculator following the methods in section 5.2.4.With a water column den-
sity of Ny = 6.3 X 10'7 molecules/m?, the surface pressure becomes Py, r = 1.76-10°°
bar (see section 5.2.4 for methodology). The top plot illustrates that the errorbars from
the synthetic JWST data are larger than the water features for this surface pressure of
water, and, therefore, will not be detectable with NIRISS. However, if JWST observes
every transit of Trappist-1f (P = 9.2 days) for 12 years, amounting to approximately 450
transits, an Ny, of 1.9 x 10" molecules/m? becomes detectable (bottom plot). The water
feature at 1.4 micron is, in this case, larger than the errorbars of the synthetic JWST data.
Even in this extreme scenario, the resulting volcanic density corresponds to an outgassing
rate of approximately 25x the maximum M,,;,. generated for Trappist-1f in our model
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Table 5.5: Interior and thermal parameters of Trappist-1h in thermal equilibrium for dif-
ferent values of CMF

Parameter Symbol CMF =0.02 (min) CMF=0.18 CMF=0.32 CMF =0.50
Thickness of ice I layer [km] Dicey 9.4 11.5 13.7 18.0
Ocean thickness [km] Docean 111.0 108.4 103.5 92.0
Water mass fraction WMF 0.080 0.095 0.118 0.150
‘Water column density
- Favorable configuration [mol/m*] Ny, 9.2 x 10" 8.7 x 107 7.5 % 10"7 5.8 x 10"

(represented by the black dashed vertical line in Figure 5.5b).

5.4 Discussion

In this section, we first compare our modeling results with previous studies. Next, we
explore the detectability of cryovolcanic activity on Trappist-1f, g, and h, and discuss
potential interior constraints that could be determined through spectroscopic observations
of water column densities.

5.4.1 Column density comparison with previous work

Quick et al. (2023) identified 17 exoplanets that are potentially icy, by inferring their equi-
librium surface temperatures and their mean densities. They also discussed the potential
of observing cryovolcanic activity on these planets, which include Trappist-1f,g,h. To do
so, they calculated tidal dissipation in the planets’ interior with Equation 5.5, assuming
a constant Im(k;) value, equal to 0.003, for all three planets. This value is consistent
with Im(k,) values for Solar System icy satellites (Zhang &Zhang, 2004), and with stud-
ies of tidal dissipation in terrestrial planets (Henning &Hurford, 2014; Goldreich &Soter,
1966). Nevertheless, this approach does not take into account the Im(k,) dependency on
the orbital period and interior properties (Renaud &Henning, 2018). We show that de-
pending on the interior properties, the value of Im(k,) for Trappist-1f changes between
~ 107% — 1073 (see Figure 5.5a). This affects the calculated tidal heating rates and, con-
sequently, the observability of cryovolcanic activity on those planets. Since Quick et al.
(2023) calculated cryovolcanic densities averaged over the 3D sphere of the planets, we
can compare our results only in the scenario of a homogeneous distribution of cryovol-
canic material. In this case, our model predicts lower tidal heating rates, and, smaller
water column densities compared to Quick et al. (2023), who calculate a water column
density of 3.7 x 10'” molecules/m? for Trappist-1f. It is important to note that our results
are scaled to Earth, whereas their calculations are referenced to Europa in Equation 5.9,
which may partially account for the observed discrepancy.

In addition, their approach considers only tidally induced heating when scaling to
Europa. However, other heat sources (e.g. radiogenic heating) can promote cryovolcanic
activity via the melting of the icy layer and the cycling of water between the interior and
the surface (see e.g. Quick &Marsh, 2016). Since radiogenic heating is the dominant
heating mechanism for the range of feasible interior structures of Trappist-1f,g,h (see
Figure 5.3), volcanically produced water column densities can be significantly higher for
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Figure 5.5: (a) Ny, as a function of CMF and Imy, for Trappist-1f. Interior constraints
can be placed with an observation of N,.. (b) Ny as a function of M,,;.. The blue and
black continuous lines show N, for the favorable configuration of cryovolcanism when
geyser-like plumes are situated on one pole of the planet, and when plumes are globally
distributed over the planet’s entire surface, respectively. The vertical red dashed line
represents ~ 25x the maximum M, generated for Trappist-1f by our model (vertical
black dashed line). In order for N, to be observable the outgassing mass rate would
need to be ~ 25X higher than what our model produces. This value corresponds to an

efficiency factor n = 0.9, with 90% of the generated energy in the interior being used for
the outgassing of water.

all three planets, when radiogenic heating is considered (Figure 5.5). As seen in Tables
5.3,5.4,5.5, Trappist-1 g,h are expected to produce smaller N, making Trappist-1f the
best candidate for observing cryovolcanic activity among the three planets, which is in
agreement with the results of Quick et al. (2023). However, it would take 450 transits
for NIRISS to observe a cryovolcanic atmosphere produced by a cryovolcanic outgassing
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Figure 5.6: The spectrum of a bounded exosphere consisting only of water produced by
cryovolcanism and volatile loss from XUV irradiation where the upper panel is produced
using a volcanic column density of Ny, = 6.3- 10'7 molecules/m?, and the lower panel is
produced using a volcanic column density of Ny, = 1.9- 10'° molecules/m?. The colored
lines are produced using the radiative transfer code petitRADTRANS, and the black data
points are created using the ETC calculator PandExo for the NIRISS instrument. All mock
JWST datapoints have been created using 450 transits and a binned spectral resolution of
12.

rate & 25X higher than the maximum of what our model predicts. Further modelling
would investigate the detectability from the upcoming class of extremely large telescopes
(ELTs).

5.4.2 Water Mass Fraction comparison with previous work

In addition to refining the mass/radius measurements for the Trappist-1 planets, Agol
et al. (2021) theorized over their possible interior structures and water content. They
estimated their WMFs assuming a condensed water layer of 300 K at 1 bar. Acuiia et al.
(2021) also modelled the interior and hydrospheres of the Trappist-1 planets, taking into
account Equations of State (EOS) for different phases of water, including water vapor
and high pressure ice phases. In Figure 5.7, we show the calculated WMFs for CMF =
0.25 from our model, taking into account the mass and radius uncertainties (Table 5.2),
and we compare them to those derived by Agol et al. (2021); Acuia et al. (2021). We
compare our results solely with the latter two studies, as previous work (Barr et al., 2018;
Dorn et al., 2018) on the interior structures of the system have not used the updated
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values for mass and radius. In particular, they have modelled the interior of the Trappist-
1 planets using the mass and radius measurements, constrained by Delrez et al. (2018);
Grimm et al. (2018). Our results (Figure 5.7) are mostly within the uncertainties of Acufia
et al. (2021), and there is a larger discrepancy with Agol et al. (2021), whose results
are significantly lower (for planets f and h). This discrepancy can be explained by our
different modelling strategies. In order to reach the given density constraints, dictated
by the mass and radius measurements, Agol et al. (2021) used a condensed water layer,
without taking into account any equation of state for different phases, thus assuming lower
density for the water layer. The agreement of our results with Acufia et al. (2021) is to be
expected, as we included similar phases for water (high pressure ice polymorphs). Our
results can be interpreted as one out of the multiple interior structures that Acufia et al.
(2021) predict, since their error-bars are calculated for CMF values that span between 0.2
and 0.3, and we only show the interior structure for CMF = 0.25.
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Figure 5.7: Estimated WMF together with their uncertanties for Trappist-1 f,g,h with our
model (green), Agol et al. (2021, purple), and Acuiia et al. (2021, red).

5.4.3 Water content in the Trappist-1 system and other possible
interior structures

The extended Pre-Main-Sequence (PMS) phase of M-dwarf stars, like Trappist-1, can
drive substantial atmospheric and water loss due to the increased luminosity and XUV
activity (see e.g. Wordsworth et al., 2018; Luger &Barnes, 2015). The magnitude of
this mass loss depends on the planet’s orbital distance, making close-in planets more
prone to volatile escape (Bolmont et al., 2017). Gialluca et al. (2024) quantified the water
loss rates for the Trappist-1 planets, and studied their implications on recent observations
(Zieba et al., 2023; Greene et al., 2023), which imply a tenuous oxygen atmosphere or
no atmosphere for planets ¢ and b. According to Gialluca et al. (2024), however, the
loss of atmospheres on the inner planets does not preclude the retention of substantial
water inventories on the outer planets, where lower stellar irradiation could allow water
to persist.
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As seen from Figure 5.5, tidal heating rates and, thus N, is highly dependant on the
CMF that is assumed for the planets. We explore the range of probable CMFs for the
planets that are compatible with their formation mechanism. The most favored scenario
for the Trappist-1 planets is formation in a protoplanetary disk, possibly beyond the water
ice line, with a subsequent inward migration, which is supported by the resonant chain
and compactness of the system (Teyssandier et al., 2022). Planet formation within a
protoplanetary disk results in planets with similar ratios of relative refractory elements,
meaning similar CMFs, for fully differentiated bodies (Bond et al., 2010; Elser et al.,
2012), but with different volatile element content (Oberg &Bergin, 2016). Thus, the WMF
of the planets also depends on their formation mechanism. If the Trappist-1 planets are
best described by the CMF of the most dense planet (planet ¢ with 22% — 31% CMF),
their densities can be fitted with different light-element content or water, according to
Dorn et al. (2018). With our model, the latter CMF ratios would mean WMF values of
~4-8x1072,3-6x1072,and 1 — 11 x 1072 for Trappist-1f,g and h respectively.

Varying the WMF in order to obtain the observed densities is compatible with the
results of Agol et al. (2021, Figure 5.7), who found that all Trappist-1 planets fall within
one compositional line that is less dense than Solar System terrestrial planets. Other
possible compositions for the Trappist-1 planets include either an interior with less iron
compared to the terrestial content, or oxidized iron in the mantle (Agol et al., 2021).

5.4.4 Future work

A first question to address in the future would be how to confirm that an observation
of water comes from cryovolcanism. Exogenic sources of water are expected to remain
constant over time (Paganini et al., 2020), whereas endogenic cryovolcanism may vary
depending on the balance of interior processes such as tidal heating and radiogenic heat
generation. Repeated observations could potentially contribute to the confirmation of the
origin of water. The relationship between cryovolcanism and the different interior heat
sources remains an open question, with significant implications for interpreting observa-
tions of cryovolcanic activity.

A second point of discussion would be a possible connection of observations of cryo-
volcanic activity to interior constraints. If tidal heating is the dominant driver of cryovol-
canism, planets with low CMF values are more likely to exhibit detectable cryovolcanic
signatures due to enhanced tidal dissipation. Conversely, if the total internal heat budget is
dominated by radiogenic sources, planets with higher CMF values might exhibit stronger
cryovolcanic activity.

Further investigation is needed to determine feasible interior models for a particu-
lar water column density observation. A more detailed analysis would need to consider
uncertainties in interior parameters and ice rheology, the temperature dependence of rhe-
ological properties and the identification of secondary equilibrium states in mantle dy-
namics, as in Kleisioti et al. (2023). While our study outlines the potential sources of
cryovolcanism and their implications, the detailed uncertainties inherent to interior mod-
eling and observational constraints fall outside the scope of this work. Future research is
needed to refine these models and better constrain the interplay between planetary struc-
ture, heat generation, and cryovolcanic activity.
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5.5 Conclusions

In this work we used thermal and tidal heat models, that have been applied to Solar System
icy moons, to assess the possible interior structures compatible with a subsurface ocean
for the planets Trappist-1f,g and h. We firstly find that for all three planets the tidal heat
in the mantle is negligible compared to tidal heating in the high pressure ice layer and the
expected radiogenic heat.

In addition, we constrain the ice I and subsurface ocean layer thicknesses for all three
planets. The interior structures of the inner two planets, Trappist-1f and g, would be in
thermal equilibrium only in cases where the outer ice I shell is relatively thin, between ~
4 and 10 km, under the assumptions of our model. Such thin ice shells would make the
possibility that a subsurface ocean - if any- would outgass material directly to a putative
exosphere. We also calculated the corresponding WMFs and CMFs that are compatible
with such interior structures. We find that for an Earth-like CMF (0.32) Trappist-1f,g,h,
would possess a subsurface ocean in thermal equilibrium for a WMF of 8.5 x 1072,5.9 x
1072 and 11.8 x 107",

Finally, we assessed the possibility of detection of cryovolcanism via transmission
spectroscopy with JWST/NIRCam. We performed this analysis only for Trappist-1f,
firstly because of the expected higher volcanic column densities, and secondly because
of its smaller orbital period, which would aid observations. If any cryovolcanic activity
is present, it would require 450 transits and the best-case configuration, for a volcanic
outgassing rate & 15X Muolg,Ea,.,h, which if any cryovolcanic activity is present, would
have highest chances of being observed on Trappist-1f. This would require 450 tran-
sits, for a volcanic outgassing rate ~ 15X M, garm, Which is 25x the maximum M,
generated for Trappist-1f in our model. Since a transit of Trappist-1f lasts for 1 hour, it
would take approximately 450 hours of observations to detect a putative cryovolcanic sig-
nal on the planet. We encourage the community to target exoplanets with higher orbital
eccentricities, where increased tidal dissipation could lead to larger rates of cryovolcanic
outgassing.
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Appendices

A. Melting temperature as a function of pressure
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Figure 5.8: Melting temperature as a function of pressure for an ammonia containing
ocean of 5 wt.% (Grasset et al., 2000; Sohl et al., 2003a)

B. Tidal heat generated in the Ice I outer shell
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Figure 5.9: Heat source distribution in the interior of Trappist-1f. Qigaruprr Qridarm, and
Qridalicer 15 the tidal heat generated in the HPI layer, mantle and ice I shell respectively.
Q)qq 1s the radiogenic heat produced in the mantle. Qg1 icr 1S at least 4 orders of magni-
tude smaller than the total heat generated in the interior (Q,,).
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C. Interior structures as a function of D, for the planets Trappist-1g,h
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Figure 5.10: a. Interior structure as a function of D;., for the planet Trappist-1g.
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English summary

Are we alone? The search for life elsewere in the universe is a longstanding question of
humanity. We can now look for signs of life in other bodies of our solar system; on the
Martian surface, and in the hidden, subsurface oceans of the moons of planets in the solar
system, like the ones of Jupiter and Saturn.

Solar system moons show great diversity in their physical and orbital characteristics,
and some of them are notable for their geological activity. Io, Jupiter’s innermost satellite,
is the most volcanically active body in the solar system, with hundreds of hotspots across
its surface. Enceladus, an icy moon of Saturn, possesses surface fractures, active plumes
of water vapor and a global subsurface ocean. A common driver behind these phenomena
seen in the solar system moons is tidal heating: as a moon revolves on an eccentric orbit
around a planet, changing gravitational pulls flex the body and generate internal heat.
Over long timescales this process can maintain water liquid beneath an icy surface, and
sustain volcanism. By sustaining liquid water and geological activity, such processes
may provide the ingredients and energy sources necessary for habitability. While our
solar system gives us nearby test cases, the search for life can also extend far beyond to
exoplanet systems around other stars.

Beyond the solar system, the discovery of planets orbiting the pulsar PSR 1257+12
and, soon after, 51 Pegasi b, a giant planet with an orbital period of just a few days,
marked the field’s turning point. Since then, exoplanet discoveries have expanded rapidly,
with thousands of exoplanets known to day. Many of them look nothing like those in
our solar system: “hot Jupiters” are Jupiter-like planets on tight orbits. “Super-Earths”
(planets with size between that of Earth and Neptune) are widespread, while Earth-sized
exoplanets are rarer. Depending on how far they from their stars their orbits are, some of
these planets may even resemble the icy moons of our solar system, with cold surfaces
and possible internal oceans.

Given the importance of moons in our own solar system, it is natural to ask whether
exoplanets also host moons, and whether they too might harbor life. Because every gas
giant in the solar system hosts natural satellites, it is reasonable to expect that many of
the gas giant exoplanets we have found are also orbited by moons (exomoons). Yet,
no exomoon detection has been unambiguously confirmed until today. One of the main
reasons is because the signals of moons are faint compared to those of their larger host
planets. With exoplanet discoveries spanning a wide parameter space, we must decide
which host planets offer the best prospects for a detection, which techniques are most
effective, and what moon properties are observable?

The transit method, which is responsible for the most exoplanet discoveries until to-
day, detects planets when they pass in front of their stars and cause a small, periodic dip
in their brightness. The planets themselves are not directly visible, but their crossings
(transits) are. This technique is sensitive to close-in planets, because the closer a planet
is, the greater the chance its orbit will align so that we can see a transit. The latter can
have disadvantages for exomoon searches: moons of planets in close-in orbits can be
unstable because the star’s gravity leaves little room for stable orbits. In addition exo-
moon searches around transiting exoplanets necessitate a favorable geometry, meaning
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the planet and its moon need to be lined up just right with our view so their crossings
are visible. Finally, long observations are needed in order to catch multiple transits. This
motivates a focus on directly imaged (DI) exoplanets, whose orbits are further from their
stars. At these wider separations we can suppress the stellar light, and and capture the
light from the planet itself.

Observing the light from the planet and detecting faint companions like moons comes
with their own difficulties, because the overwhelming brightness of their host stars must
be suppressed, and even then the planet itself can outshine its moons. Yet, in infrared
wavelengths, where heat emission becomes important, a special class of objects, tidally
heated exomoons (THEMs), may stand out. These are analogous to Jupiter’s volcanically
active moon lo, and provide a unique opportunity: powered by tidal forces, these moons
can reach high surface temperatures and, in some infrared wavelength bands, be as bright
or brighter than their host planets. Unlike transit observations, direct thermal detection
does not depend on a specific orbital phase or repeated events. This opens a search win-
dow for identifying moons around giant planets orbiting at large distances from their stars,
where other exoplanet detection methods struggle.

The amount of tidal heating a world produces is influneced by, among other factors,
its orbit and how its interior materials deform and dissipate energy. Because tidal heat-
ing depends on a body’s interior properties, studying THEMs is not only a way to detect
moons but also a tool to probe their interior structures and properties. Similar approaches
have been used in our own solar system: for example, [o’s volcanism has long raised
questions about whether it harbors a global magma ocean or a partially molten mantle,
and measurements of how Io deforms under tidal forces have been key to testing these
scenarios. Extending this reasoning to exoplanets and their moons means that, in addition
to identifying them, tidal heating can help us infer their internal properties, and the mech-
anisms with which heat is transported in their interior. These processes are important for
astrobiology, and make tidally heated worlds interesting targets for habitability studies,
since their internal energy sources could sustain habitable environments independently of
whether they receive direct starlight or not.

This thesis focuses on the detectability of THEMs through a variety of methods, while
also examining the interior and orbital properties that make them observable. It takes steps
toward finding such moons, and explores when tides can heat them enough to glow in the
infrared, and whether their brightness or its variability can be measured with current and
upcoming telescopes. By combining putative observations with models of tidal heating,
the thesis further explores the constraints that can be placed on planetary and satellite
interiors. Tidal heating models are finally used to study the interiors of icy exoplanets,
that are thought to resemble the icy moons of our solar systems. Here, the focus is on
Trappist-1 f, g, and h, examining whether internal heat could sustain subsurface oceans,
and whether signs of volcanic activity might be detectable. Together, these studies high-
light the role of tidal heating as both a detection pathway and a window into interior
processes of extrasolar worlds.



English summary 129

Chapter 2. Exploring the detectability and properties of THEMs around the
exoplanet € Eridani b

In this chapter we investigate whether tidally heated exomoons can be bright enough in
infrared wavelengths to be detected with the James Webb Space Telescope around nearby
giant planets. We use the planet € Eridani b as a test case. We employ models that link
a moon’s orbit and physical properties to the tidal heat generated inside it and how that
heat moves through its layers, until a balance is reached between the heat produced and
the heat lost. We test many possible moon scenarios, varying their size, their orbit and
incoorporating uncertainties in material properties. Our results show that a moon about
twice the size of lo, orbiting the nearby planet € Eridani b, could be detectable if it circles
its planet at a distances and with orbital eccentricities comparable to those of solar system
moons. Crucially, we show that if the size and orbital distance of a moon were already
known from another method, like the transit method, its infrared brightness could be used
to place limits on its orbital eccentricity and interior properties, for example, whether
it contains layers of molten rock. This means that a successful detection of a THEM
could give us direct information about its interior, making THEMs powerful test cases for
understanding how interiors and orbits interact.

Chapter 3. Spectroastrometry: a promising method to find exomoons

Even though the previous chapter shows that THEMs can in principle be detectable, cur-
rent methods are still not sensitive enough to find moons like those we know in the solar
system. The ones currently at the detection limits are either bigger, hotter, or both. To
move past this “too big or too hot” problem, we explored a method called spectroastrom-
etry. This technique looks for tiny shifts in the apparent position of a planet’s light at
different colors, caused when an unseen moon contributes to the system’s signal. We de-
veloped a mathematical description of the spectroastrometric signal produced by a moon
in orbit and estimated different sources of noise that could affect such signal, including
telescope pointing inaccuracy, background noise, and detector limitations. We then ap-
plied this framework to nearby giant planets, using € Indi Ab as an example, to see what
kinds of moons can be detected. Our results show that detection is possible with next-
generation telescopes like the Extremely Large Telescope for moons similar in size to
those in our solar system. In particular, we find that solar system-like moons with moder-
ate surface temperatures, can be detected, pushing detection limits closer to the moons we
know in the solar system, compared to the previous chapter. We also show that large icy
moons, Mars-sized or greater, might even be observed in the closest planetary systems.

Chapter 4. Adding hotspots to the picture: a new way to find THEMs

In this chapter we explore whether volcanic exomoons, with high temperature surface
hotspots, can be discovered by tracking how their brightness changes as they orbit around
their planets. The idea is that if a THEM has active volcanoes or hotspots scattered across
its surface, like Io, these will make its brightness vary in infrared light as different areas
rotate in and out of view. To test this, we simulate moons of different sizes orbiting
an isolated planet and explore how they change the system’s infrared brightness. We
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then examine whether these repeating changes can be distinguished as clear signals in
the data. We find that volcanic moons with hotspot temperatures like those measured on
Io can leave a detectable signature at shorter infrared wavelengths. At longer infrared
wavelengths the signal fades, but by comparing observations at two different wavelengths
we can separate a moon’s contribution from that of its planet. Our results suggest that
this method can find Mars-sized volcanic moons within about 10 parsecs, and Earth-sized
ones even farther away. This approach broadens the ways we can search for exomoons,
particularly around DI or isolated planets, as it is has the potential to detect moons even
if their orbits do not line up with our view to produce transits.

Chapter 5. Modeling the interiors and cryovolcanic activity of exoplanets
Trappist-1f, g, and h

In this chapter we explore the interiors of three exoplanets in the Trappist-1 system, the
planets f, g, and h, whose surface temperatures and densities suggest they may resem-
ble the icy moons of our solar system. Our goal is to see under what conditions internal
heating can sustain subsurface oceans and even power icy volcanoes, called cryovolca-
noes. We model how heat is generated inside these planets from two main sources: tidal
heating, and radiogenic heating, from the decay of radioactive elements. By linking these
heat sources to the thickness of icy shells and oceans, we find which internal structures
can keep heat production and loss in balance. Our results show that for Trappist-1f and
g, thermal balance is possible only if their outer ice shells are relatively thin, about 4 to
10 kilometers, with underlying oceans around 90 to 120 kilometers thick. Trappist-1h, in
contrast, would require a thicker ice shell to stay in equilibrium. We also tested whether
volcanic outgassing of water could be detected with the James Webb Space Telescope.
Even under the most optimistic assumptions, detection would require a campaign lasting
over a decade. This makes detection with current instruments highly unlikely. Future
efforts may have better chances by targeting exoplanets with more eccentric orbits, where
stronger tidal heating can boost water outgassing rates to detectable levels.
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Zijn we alleen? De zoektocht naar leven elders in het heelal is een langgekoesterde vraag
van de mensheid. We kunnen nu op zoek gaan naar tekenen van leven op andere objecten
in ons zonnestelsel: op het oppervlak van Mars en in de verborgen, ondergrondse oceanen
van manen van planeten in het zonnestelsel, zoals die van Jupiter en Saturnus.

Manen in het zonnestelsel vertonen een grote diversiteit in hun fysische en baanken-
merken, en sommige vallen op door hun geologische activiteit. lo, de binnenste maan
van Jupiter, is het meest vulkanisch actieve object in het zonnestelsel, met honderden
hotspots over het oppervlak. Enceladus, een ijzige maan van Saturnus, bezit oppervlak-
tescheuren, actieve pluimen van waterdamp en een wereldwijde ondergrondse oceaan.
Een gemeenschappelijke drijvende kracht achter deze verschijnselen is getijdenverwarm-
ing: wanneer een maan in een excentrische baan rond een planeet draait, zorgen wisse-
lende zwaartekrachtskrachten ervoor dat het lichaam buigt en interne warmte genereert.
Op lange tijdschalen kan dit proces water onder een ijzige korst vloeibaar houden en
vulkanisme in stand houden. Door vloeibaar water en geologische activiteit te onder-
houden, kunnen dergelijke processen de ingredi€nten en energiebronnen leveren die nodig
zijn voor bewoonbaarheid. Terwijl ons zonnestelsel nabijgelegen proefgevallen biedt, kan
de zoektocht naar leven ook worden uitgebreid naar exoplaneetstelsels rond andere ster-
ren.

Buiten het zonnestelsel markeerden de ontdekking van planeten rond de pulsar PSR
1257+12 en, kort daarna, 51 Pegasi b, een reuzenplaneet met een omlooptijd van slechts
enkele dagen, een keerpunt voor het vakgebied. Sindsdien is het aantal exoplaneetont-
dekkingen snel toegenomen, met tegenwoordig duizenden bekende exoplaneten. Veel
daarvan lijken in niets op de planeten in ons eigen zonnestelsel: “hete Jupiters” zijn
Jupiter-achtige planeten die erg dicht bij hun ster staan. “Superaardes” (planeten met
een grootte tussen die van de Aarde en Neptunus) zijn veelvoorkomend, terwijl exoplan-
eten ter grootte van de Aarde zeldzamer zijn. Afhankelijk van hoe ver hun banen van hun
sterren liggen, kunnen sommige van deze planeten zelfs lijken op de ijzige manen in ons
zonnestelsel, met koude oppervlakken en mogelijke interne oceanen.

Gezien het belang van manen in ons eigen zonnestelsel is het logisch te vragen of
exoplaneten ook manen hebben, en of die eveneens leven kunnen herbergen. Omdat elke
gasreus in het zonnestelsel natuurlijke satellieten heeft, ligt het voor de hand te verwachten
dat veel gasreus-exoplaneten die we hebben gevonden ook door manen (exomanen) wor-
den omgeven. Toch is tot op heden geen enkele exomaan ondubbelzinnig bevestigd. Een
van de belangrijkste redenen is dat de signalen van manen zwak zijn vergeleken met die
van hun grotere moederplaneten. Nu exoplaneetontdekkingen een breed parametergebied
beslaan, moeten we bepalen welke moederplaneten de beste kansen op detectie bieden,
welke technieken het meest effectief zijn, en welke maaneigenschappen waarneembaar
zijn.

De transitmethode, die tot nu toe verantwoordelijk is voor de meeste exoplaneetont-
dekkingen, detecteert planeten wanneer ze voor hun ster langs bewegen en een kleine,
periodieke afname in de helderheid veroorzaken. De planeten zelf zijn niet direct zicht-
baar, maar hun schaduwen(transits) wel. Deze techniek is gevoelig voor planeten die dicht
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bij hun ster staan, omdat de kans op een uitlijning waarbij wij een transit zien dan groter
is. Dat kan nadelen hebben voor de zoektocht naar exomanen: manen van planeten op
nauwe banen kunnen onstabiel zijn omdat de zwaartekracht van de ster weinig ruimte laat
voor stabiele omloopbanen. Bovendien vereisen exomaanzoektochten rond transiterende
exoplaneten een gunstige geometrie: planeet en maan moeten precies goed uitgelijnd zijn
met onze gezichtslijn zodat hun overgangen zichtbaar zijn. Ten slotte zijn lange waarne-
mingsreeksen nodig om meerdere transits te vangen. Dit motiveert een focus op direct
waargenomen exoplaneten, waarvan de banen verder van hun sterren liggen. Op deze
grotere afstanden kunnen we het sterlicht onderdrukken en het licht van de planeet zelf
opvangen.

Het waarnemen van het licht van de planeet en het detecteren van zwakke sattelieten
zoals manen brengt eigen uitdagingen met zich mee, omdat de overweldigende helderheid
van de moederster onderdrukt moet worden, en zelfs dan kan de planeet haar manen
overstralen. Toch kan in infrarode golflengten, waar warmtestraling belangrijk wordt, een
bijzondere klasse van objecten opvallen: getijdenverhitte exomanen (THEMs). Deze zijn
analoog aan Jupiters vulkanisch actieve maan Io en bieden een unieke kans: aangedreven
door getijdenkrachten kunnen deze manen hoge oppervlaktetemperaturen bereiken en in
bepaalde infrarode banden even helder of zelfs helderder zijn dan hun moederplaneet. In
tegenstelling tot transitwaarnemingen is directe thermische detectie niet athankelijk van
een specifieke baanfase of herhaalde gebeurtenissen. Dit opent een mogelijkheid tot het
detecteren van manen rond reuzenplaneten die op grote afstanden van hun ster cirkelen,
waar andere exoplaneetdetectiemethoden moeite hebben.

De hoeveelheid getijdenverwarming die een wereld ondergaat, wordt onder meer bein-
vloed door zijn baan en door de manier waarop materialen in het binnenste vervormen
en energie dissiperen. Omdat getijdenverwarming afhangt van de interne eigenschap-
pen van een lichaam, is het bestuderen van THEMs niet alleen een manier om manen te
detecteren, maar ook een instrument om hun interne structuur en eigenschappen te onder-
zoeken. Vergelijkbare benaderingen zijn in ons eigen zonnestelsel toegepast: zo heeft Io’s
vulkanisme lang vragen opgeroepen over de aanwezigheid van een wereldwijde magma-
oceaan of een gedeeltelijk gesmolten mantel, en metingen van Io’s vervorming onder
getijdenkrachten zijn cruciaal geweest om deze scenario’s te toetsen. Deze redenering
doortrekken naar exoplaneten en hun manen betekent dat getijdenverwarming ons niet
alleen helpt ze te identificeren, maar ook om hun interne eigenschappen en de mechanis-
men van warmte-transport in hun binnenste af te leiden. Deze processen zijn belangrijk
voor de astrobiologie en maken getijdenverhitte werelden tot interessante doelwitten voor
studies naar bewoonbaarheid, aangezien hun interne energiebronnen leefbare omgevingen
kunnen ondersteunen, ongeacht of ze direct sterlicht ontvangen.

Dit proefschrift richt zich op de detecteerbaarheid van THEMs via verschillende meth-
oden en onderzoekt tegelijk de interne en orbitale eigenschappen die ze waarneembaar
maken. Het zet stappen richting het vinden van zulke manen en verkent wanneer getijden
hen voldoende kunnen verhitten om in het infrarood te gloeien, en of hun helderheid of
de variatie daarin met huidige en komende telescopen kan worden gemeten. Door mo-
gelijke waarnemingen te combineren met modellen van getijdenverwarming, verkent het
proefschrift verder welke eigenschappen van het binnenste van planeten en manen kun-
nen worden afgeleid. Modellen van getijdenverwarming worden ten slotte gebruikt om
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de inwendige opbouw te bestuderen van ijzige exoplaneten die vermoedelijk lijken op de
ijzige manen van ons zonnestelsel. Hier ligt de focus op Trappist-1 f, g en h: kan interne
warmte ondergrondse oceanen in stand houden, en zijn tekenen van vulkanische activiteit
detecteerbaar? Gezamenlijk benadrukken deze studies de rol van getijdenverwarming als
zowel een detectieroute als een venster op interne processen van extrasolaire werelden.

Hoofdstuk 2. De detecteerbaarheid en eigenschappen van THEMs rond de
exoplaneet Eridanib

In dit hoofdstuk onderzoeken we of getijdenverhitte exomanen (THEMs) in infrarood-
golflengten helder genoeg kunnen zijn om met de James Webb-ruimtetelescoop te worden
gedetecteerd rond nabije reuzenplaneten. We gebruiken de planeet Eridani b als testgeval.
We zetten modellen in die de baan en fysische eigenschappen van een maan koppelen aan
de getijdenwarmte die binnenin wordt opgewekt en aan hoe die warmte door haar lagen
wordt getransporteerd, totdat er een evenwicht ontstaat tussen geproduceerde en afgevo-
erde warmte. We testen vele mogelijke maanscenario’s, waarbij we hun grootte en baan
vari€ren en onzekerheden in materiaaleigenschappen meenemen. Onze resultaten laten
zien dat een maan van ongeveer tweemaal de grootte van lo, die de nabije planeet Eridani
b omcirkelt, detecteerbaar kan zijn als zij haar planeet op afstanden en met baanexcen-
triciteiten omloopt die vergelijkbaar zijn met die van manen in het zonnestelsel. Cruciaal
laten we zien dat, als de grootte en baanafstand van een maan al bekend zijn uit een an-
dere methode, zoals de transitmethode, haar infraroodhelderheid kan worden gebruikt om
grenzen te stellen aan haar baanexcentriciteit en interne eigenschappen—bijvoorbeeld of
zij lagen van gesmolten gesteente bevat. Dit betekent dat een succesvolle detectie van een
getijdenverhitte exomaan (THEM) directe informatie over haar binnenste kan opleveren,
waardoor THEMs krachtige proefobjecten zijn om te begrijpen hoe interieurs en banen
op elkaar inwerken.

Hoofdstuk 3. Spectro-astrometrie: een veelbelovende methode om exomanen te
vinden

Hoewel het vorige hoofdstuk laat zien dat THEMs in principe detecteerbaar kunnen zijn,
zijn de huidige methoden nog niet gevoelig genoeg om manen te vinden zoals we die
in het zonnestelsel kennen. De objecten die momenteel de detectielimieten benaderen,
zijn ofwel groter, heter, of beide. Om dit probleem van “te groot of te heet” te omzeilen,
hebben we een methode onderzocht die spectro-astrometrie heet. Deze techniek speurt
naar minuscule verschuivingen in de schijnbare positie van het licht van een planeet
bij verschillende kleuren (golflengten), veroorzaakt wanneer een onzichtbare maan bij-
draagt aan het signaal van het systeem. We ontwikkelden een wiskundige beschrijving
van het spectro-astrometrische signaal dat door een maan in een baan wordt opgewekt
en schatten verschillende ruisbronnen die zo’n signaal kunnen beinvloeden, waaronder
onnauwkeurigheid in het richten van de telescoop, achtergrondruis en beperkingen van
de detector. Vervolgens pasten we dit raamwerk toe op nabije reuzenplaneten, met €
Indi Ab als voorbeeld, om te bepalen welke typen manen detecteerbaar zijn. Onze resul-
taten laten zien dat detectie mogelijk is met telescopen van de volgende generatie, zoals
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de Extremely Large Telescope, voor manen die qua grootte vergelijkbaar zijn met die
in ons zonnestelsel. In het bijzonder vinden we dat manen zoals in ons eigen zonnes-
telsel met gematigde oppervlaktetemperaturen detecteerbaar zijn, waardoor de detectie-
limieten—vergeleken met het vorige hoofdstuk—dichter in de buurt komen van de manen
die we kennen. We laten ook zien dat grote, ijzige manen, ter grootte van Mars of groter,
zelfs in de dichtstbijzijnde planetenstelsels waarneembaar zouden kunnen zijn.

Hoofdstuk 4. Hotspots toevoegen: een nieuwe manier om THEMs te vinden

In dit hoofdstuk onderzoeken we of vulkanische exomanen, met hete oppervlakkige
hotspots, kunnen worden ontdekt door te volgen hoe hun helderheid verandert terwijl
ze rond hun planeet bewegen. Het idee is dat een THEM actieve vulkanen of verspreide
hotspots over het oppervlak kan hebben, zoals bij Io. Deze zorgen ervoor dat de infrar-
ode helderheid verandert wanneer verschillende gebieden in en uit zicht roteren. Om
dit te testen simuleren we manen van verschillende groottes die een geisoleerde planeet
omcirkelen en onderzoeken we hoe zij de infrarode helderheid van het systeem bein-
vloeden. Vervolgens bekijken we of deze zich herhalende veranderingen in de gegevens
als duidelijke signalen te onderscheiden zijn. We vinden dat vulkanische manen met
hotspottemperaturen zoals gemeten op Io een detecteerbare signatuur kunnen achterlaten
bij kortere infrarode golflengten. Bij langere infrarode golfiengten verzwakt het signaal,
maar door waarnemingen op twee verschillende golflengten te vergelijken, kunnen we de
bijdrage van een maan scheiden van die van haar planeet. Onze resultaten wijzen erop
dat deze methode vulkanische manen met de grootte van Mars binnen ongeveer 10 par-
sec kan vinden, en manen die net zo groot zijn als de Aarde zelfs op grotere afstanden.
Deze aanpak vergroot de mogelijkheden om naar exomanen te zoeken, vooral rond direct
waargenomen of geisoleerde planeten, omdat zij ook manen kan detecteren wanneer hun
banen niet met onze gezichtslijn zijn uitgelijnd en dus geen transits laten zien.

Hoofdstuk 5. Modelleren van de inwendige structuren en cryovulkanische activiteit
van de exoplaneten Trappist-1f, gen h

In dit hoofdstuk verkennen we de inwendige opbouw van drie exoplaneten in het Trappist-
1-stelsel—de planeten f, g en h—waarvan de oppervlaktetemperaturen en dichtheden
suggereren dat ze op de ijzige manen van ons zonnestelsel kunnen lijken. Ons doel is
te bepalen onder welke omstandigheden interne verwarming ondergrondse oceanen in
stand kan houden en zelfs ijsvulkanen (cryovulkanen) kan aandrijven. We modelleren
hoe warmte in deze planeten wordt opgewekt uit twee hoofdbronnen: getijdenverwarm-
ing en radiogene verwarming, afkomstig van het verval van radioactieve elementen. Door
deze warmtebronnen te koppelen aan de dikte van ijskorsten en oceanen bepalen we welke
interne structuren warmteproductie en -verlies in balans kunnen houden. Onze resultaten
laten zien dat voor Trappist-1f en -1g thermisch evenwicht alleen mogelijk is als hun
buitenste ijskorsten relatief dun zijn—ongeveer 4 tot 10 kilometer—met daaronder ocea-
nen van circa 90 tot 120 kilometer dik. Trappist-1h daarentegen zou een dikkere ijskorst
nodig hebben om in evenwicht te blijven. We hebben ook onderzocht of vulkanische uit-
gassing van water met de James Webb-ruimtetelescoop detecteerbaar is. Zelfs onder de
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meest optimistische aannames zou detectie een campagne van meer dan een decennium
vergen. Dat maakt detectie met de huidige instrumenten zeer onwaarschijnlijk. Toekom-
stige pogingen maken meer kans door zich te richten op exoplaneten met excentrischere
banen, waar sterkere getijdenverwarming de wateruitgassing tot detecteerbare niveaus kan
opkrikken.
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Elknvixry mepthndn

Eipaote povor; H avalienon Cong allol oto ohumayv eivar éva duaypoviko epmth-
1o TG ovOpwIoTNTAG. ZMuEpa Wrtopolue va avalntioovue onuddio Lmrg og dAla
OMOUOTO TOU NALOKOU UG OUOTNUOTOG, OTTMG OTNV EMLPAVELD. TOU Apn KoL OTOUG
KPUUUEVOUG, VITOYELOUG WKENVOUG dOPUPOPWV TAOVNTMV, VL0l TTAPAIELYUA GTOVG dO-
pupdpovg Tou Ala kot tov Kpodvov.

O 80puEOPOL TOU NALAKOU UAG CUOTHUATOG TOPOVOLALOVY Heydin moukihio oTo.
(PUOLKA KOL TPOYLOK( TOUG YUPOUKTNPLOTLKA, Kot peptkol Eexwpllouv yia T YewAOYLKT
toug dpaotnpotnta. H 1w, o eadrtepog dopupdpog Tov Aia, (VoL TO TTLO NPULOTELOLKE
EVEPYO COUO. 0TO NAMAKO CVOTNUA, LE EKOTOVTADEG E0TIEC OEPUOTNTOG OTNV ETLPAVELYL
™g. O Eykéhadog, évag maymuévog dopupdpog touv Kpdvov, drabétel empaveiokeg
pWYUES, EvEPYOUG TOAKES LVOPATUMV Kal Evov Vmoyewo wkeavo. Evog faotkog un-
YOVLOROG oW amd auth TV TOLKIALio. pouvouévmv givan 1 Talppoiky Bepudtnro:
Kabmg €vag dopupoOPog KLveltal o€ EAAELTTTLKY TPOYLE YUP®W OITO TOV TTAAVI|TY TOV, OL
UETAPAMOUEVEG POPUTIKEG HUVAUELG TOV TTOPAUOPPDOVOUV KAL TTOPAYOUV EGMTEPLKY
OepudTNTO. Z€ UEYAAEC XPOVIKEG KMUOKEG, AUTI| 1) SLOBLKACLO LWITOPEL VAL dLoTHP1OEL
TO VEPO 0€ VYPY| LOPPY] KATW OTTO (oL TTAYOUEVT ETLPAVELD KoL VO, GUUBAALEL OTNV
ekdMAwon Npaotelakig dpaotnprotnrag. H 0mapEn vypol vepol Kol YEWIOYLKNG
dPOOTNPLOTITOG UTOPEL VAL TTPOGPEPEL TAL CUOTATLKA KO TLG TINYEG EVEPYELOLG TTOU ELVOL
anapoiTnTeg YL TV avamtuEn Cmng, KavovTag To pawvouevo g olppoikng Oep-
uoTNTOg va ailel kaboplotikd poro yio v avalhtnon g. To nhokod pog ovotnuo
uog dlvel Ty gukouplo vo LELETHOOVUE KOVTLVOUG KOOUOVG, OALG 1 avalnTnon Tong
PTAveL TOMD o pakpLd, Emg T eEMTAAVITIKG GVoTHUOTO AWV doTtpwy.

[épa amd To NALAKO oVOTNUA, 1) AVOKAAYPT] TAOVITAOV TTOV TEPLPEPOVTAL YUPW
o6 tov wdiooap PSR 1257+12 xau, Myo apydtepa, tou 51 Pegasi b, evdg mhavity
viyavto ue tpoylokt meplodo uolic Mymv nuepav, amotéleoe opoonuo. 'Extote, ot
avokadipelg eEwmhavnTmv avENdnKay poaydaic, (e amoTéheouo onuepa va elvor
yvwotol yadeg eEwmhaviteg. TTodhol amd avtoig dev HotdLovv pe Toug TAAVITEG
ToU dL1KoU pog ovotuatog. o wopdderyua, ov «kovtol Aieg - Hot Jupiters» elvon
yuyavtioior thaviteg o€ oA wkpég tpoytég. Ou «vmepyaieg - Super Earths» (mtha-
vijteg pe uéyebog avapeoa ot I'n kou tov Iooedmva) amavimviol ol ovyva otov
voho&ia pog, evd or eEmmhavijteg oto uéyebog g I'ng elvor mo omdvior. Avaloyo
E TNV OITOOTAON TOUG OITO TO AOTPO TOVG, UEPLKOL ATTO ALUTOVG WITOPEL VO LOLALOVY e
TOUG TTOYWUEVOUG HOPUPOPOVG TOU NAMAKOD PaG CUOTHUATOS, UE PYUYPES ETTLPAVELEG
arto Ao Kat mhavOv ECWTEPLKOVG WKEAVOUG,.

Agdopévng g oNuUaciog TV dopuEOPmY 0TO NALOKO UaG OVOTNU, ELVOL PUOLKO
va avapmtnOolue av KoL oL EEWIAAVITESG £X0UVV dOPUPOPOVG KaL AV ovToi H0 LWITopo-
voav va @uhoEevolv Tonj. Epdcov dhot oL aéplot yiyavteg 0To nako wog ovoTnu
éyouvv puoLkolg dopuedpoug, elvar Aoylkd molhol amd Tovg eEwmhavijteg-yiyavteg
7o €xovue PpeL va dtabétouv emiong dopupdpous (eEwdopupdpoug). Qotdoo, uéypt
ofjuepa, dev éxel emPefalwOel N aviyvevon xkavevdg eEmdopugpdpov. 'Evag fooikog
AOyog elvar Ot Tor opaTo TV dopUPOPWV eival apvdpd oe GUYKPLON e EKEIVA TWV
ueyahwv mhavntamv tovg. Koabmg ou eEwmhavijteg wov éxouvv Bpedel uéypl onuepa
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elvou drapopetiol peta&l Toug eivor avaykaio vo KaBopLoTel oot oo autolg Tpo-
o0pEPoVY TIG ueyohiTepeg mBavdtTnTeg aviyvevong eEmdopupdpwV, TToLEG TEXVIKEG
OLTTOSELKVVOVTOL TTLO OTOTELEGULOTLKES KOLL TTOLOL X OPAKTIPLOTLKE SOpU@OpmV Utopohv
vo. TapatnpnOoy.

I vo awovtiooupe To Topamdve, Oa Tpémel TPMTA Vo KOTOVO00UUE BOOLKEG
EVVOLEG OYETIKA (e TIG TEXVIKEG aviyvevong eEwmlavttdv. H nébodog 1 omoia éxet a-
TOSMOEL TEPLOOATEPES AVUKAMDPELG EEWTAAVITOV UéYPL ofjuepa, elvar 1 uéBodog g
duEhevong. ZOugpuvo pe v uéBodo auty YIveTol TopaTpnon Tov TAavnToy dtav
7EPVOUV UITPOOTA ATTd T AOTPO TOUG, OTTOTE TTPOKOAAOUV Uia KPY| TEPLODLKT netman
ot poTeOTNTd Tovg. Ol idloL oL Thavijteg dev eivor dueosa opatol, eivar duwg oL
diehevoeig Tovg. H teyvikn eivar mo gvaiodntn oe mhaviteg mov Kivoivran Tol) Ko-
VTG 0TO AOTPOL TOUG, EMELDN 1) WKPT] ATTO0TOOT AITO TO AOTPO AVEAVEL TNV TBOVOTNTAL
duéhevong. Avtd duwg dvokoleler v aviyvevon eEwdopupdpwv: oe TAAVITEG TTOV
KLvoUvToL JToM) KOVt 010 AoTpa TOUG, OL d0PUEOPOL WITOPEL VO NV ETTLBLOVOLY YL
oM, apot 1 Loyvpn Paputiky| EMEN Tov GoTtpov dev emiTpénel elKola oTabepés Tpo-
yég. Emumdéov, ou avalnmioelg eEwdopupopwv e ™) uéhodo g dtéhevong ataLtovy
€VVOLKT] YewpeTpia, dNAadN 0 TAaVITNG Ko 0 B0pupdpog Tov va evBuypauuilovion
UE T LK PaG OTTTLKY YOVia MOTE VoL gival opatég oL diehevoelg Tovg. Téhog, yia pa
emBefarwpévn aviyvevon eEwdopupopov YPELALoVIoL LOKPOYXPOVIEG TOPATIPNOELS
YLOL VO, KOTAYPOpoUV TOAOTTAEG Sleletoelg. Avtd Koot EAKVOTIKOUE 0TOYOUG TOVG
eEwmhovnteg TTov €xouv aviyvevBel péom Gueong ametkdvions, Kabmg Ppiokovtal oe
OYETIKA UEYAAEG QITOOTAOELG Atd TA GLOTPO TOVG. Z€ CUTEG TG GTTOOTAOELG UITOPO-
VUE VO KOTOOTEIMOUUE TO PG TOV AOTPOV, EMTPETOVTIOG TNV artevdeiog uehétn g
OKTIVOPBOMAG TOU TTAAVITY).

H mtapotipnon tov @wtdg evog TAAVITI KAt 1] AViXVEVLOT GpudpdV ONUATOV 0td
TOUG BOPVPOPOVG TOV, TAPOVOLALOUV ETIONG ONUAVTIKEG OVOKOALES, KAOMG 1 eKTU-
PAOTIKT A Tou GOoTPOoV TPETEL TPMTA VO TEPLOPLOTEL. AKOUN Ko Otav avtd
emitevyOel, 10 (810 TO PWG TOV TAUVITY WITOPEL VO VITEPKOAAVIITEL EKEIVO TV dOPU-
Pdpwv ToU. Q0T000, 0T0 VITEPLOPO Paoua, 0mov 1) OepuLkt] akTLvofolia Tou idlov
TOU OVTLKELUEVOU QTTOTELEL TNV KVPLOL TN EKITTOUTTG, AVOOUKVELETAL Lol LOLALTEPY
KaTnyopia coudtmv, oL taippoikd Oepuonvépevor eEwdopugpopot (Tidally Heated Ex-
omoons, THEMs). Autoi eivaw avéhoyol pe thv Io, Tov neparotelokd evepyd dopupdpo
TOV Ald, KO TTPOGEPEPOUV ULOL LOVODLKT] EVKOLPIO: KLVOUUEVOL OITO EVTOVEG TTOAPPO-
TKEG OUVAUELG, WITOPOUV VO PTACOUV 0 TOM) VYNAEG EMLPOVELOKEG OeproKpaoieg,
KoL 08 0pLOpEVOL VITEPUOP AL U1K KVUOTOG, VO EETEPVOVY OF POTELVOTTO., TOV ALV TH
TOUG. Z€ avtifeon e tig dlehevoelg, | Gueon Bepukt) ateltkovion dev eEapTatal oo
WoL CUYKEKPLUEVT (pdom TG TPoyLiG Tou TTAavijty. Me tov 1pdmo autd dnuovpyeiton
wa véa duvaTOTTA YL TV AViXVEVOT] d0puPdpwV YIPm amd YLrydvTovg TAOVITEG
0g UeYOLeg OTOOTAOEL Otd TO. AOTPA TOVG, TEPLOYEG OOV OL VITOAoLTEG UEB0dOL
aviyvevong eEEWIAOVNTMOV TAPOVOLALOVV TEPLOPLOUOVG.

H moodtto malppolkig 0epudTnTag Tou TapiayeToL 0T0 E0MTEPLKO EVOG dopu-
pépov emnpedletat, uetaEH AWV, aITd THV TPOYLE TOV Kot TOV TPOTO [LE TOV 0TTOL0 T
VAMKA 0TO E0MTEPLKO TOV TOPAUOPPOVOVTAL KoL dtayEouv evépyela. Emeidr] howtdv i
TOMPPOTKT) BepUOTNTO CUVOEETOL GUETT UE TLG EOCMTEPLKEG LOLOTNTEG EVOG OMDUATOG,
1 uerétn twv THEMs stpoogépet oyl wovo e pébodo aviyvevong dopueopmv, alhé
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Ko éva rolvtipo epyaieio yio Ty eEgpelivnon Tng eCMTEPLKIG TOVG dOUNG KoL TwV
PUOLK®DV ToVg LOLoTTOV. TTopduoLeg TpooeyyIoeLg EXOUV XPNOLUOTOLN0EL Kot 0TO dLKO
nog nakd ovotnuo. To wapdderyna, nneaioteiakt dpaotnprotnta g lovg eyeipel
€d® Kol dekoetieg epwTHOTA VLo TO OV SLABETEL EVOY TOYKOOUWO MKEAVO UAYUATOG
1N évo uepLkmg Mwuévo povdva. Ot PETPNOELG TG TOPAUOPPMONG TG ATTO TLG TTAALP-
poikég duvdapelg vIpEav Kaboplotikég yo T diepehvnon g mbavotnog Tmv 8o
oevopudv. Emekteivoviog autd 1o OKemTiKO 08 EMITAAVITEG Kot TOUG S0pu(poOpoug
TOUG, 1 TTaALppoikt BeppudTnTo purwopet vo pag fondnoer vo ovtiioovue TANPOQOpIiEg
YLOL TLG ECWTEPLKEG TOUG LOLOTITEG KOL TOUG UWNYAVIOUOUG UETOQOPAG BepuodTnTag 0TO
EOWTEPLKO TOVG. AUTEG OL dLEPYAOIEG ELVAL ONUOVTIKEG YLOL TV QOTPOPLOAOYIAL KoL
KOOLOTOVV TNV HELETN) TV TOMPPOIKA OEPUOLVOUEVWV KOOUWV LOLAUTEPO TTOAVTLUN
v Ty avalitnon Lmig oto ovumoy.

H mapodoo dratpifi] kaver frjuato oty avalitnon eEmdopupopmy KoL emke-
vtpwvetol otV aviyvevoludtto twv THEMs péom motkihwv uedddmv, evad eEetdie
TLG ECWTEPLKEG KO TPOYLOKES LOLOTNTEG TTOV TO. KaBLoTtovy mapatnpnowa. TTopdiin-
Lo, diepevvatal Katd mooo 1 pwtevotntd twv THEMSs 1) ot dtakupdvoelg tg umo-
POUV va. ueTPNOOVV ue Ta TPEXOVTA KOl TA LEALOVTLKA THAEOKOmLO. Zvvoudlovtog
vofeTiKeg TapaTnPoeLg e woviéha alppoikng Oepudtnrac, 1 drotpLpn depeuva
TEPOALTEP® TOVG TTEPLOPLOUOVS TTOV UITOPOVV VO TEOOVV OTLG ECWTEPLKEG DOUEG TTAAVT-
TV Ka Sopupdpwv. Ta poviéha tolppoikng Oepudttag atomotoval, ertiong, yio
TN UELETN TOV E0CMTEPLKOD TAYWUEVMY EEMTAAVNTOV, OL 0TtotoL Bewpeital 6T Tapov-
OLATOUV avalOYIEG [UE TOUG TOYMUEVOUSG HOPUPOPOUS TOU NALOKOD (LG CUOTHOTOG.
Ewdikdtepa, eEetdletan kortd oo 1 Bepudtnra O pmopotioe va diatnproet vrdyelovg
wKeavolg, Kabmg koL av evdeigelg Nporotelakng dpaotnpdmmrag Oa frav duvatov
va ovivevBov oto havntikd ovotnua Trappist-1. Zuvolikd, o ueléteg avtég ovo-
detkviouy Tov polo THG TaPPOikNg OepudTNTOG TOOO WG UEGO AVIXVEVONG 000 KoL
WG EPYOLEID KOTAVONONG TWV ECWTEPLKMV SLEPYOUOLDV O EEWMTAOVNTIKA GUOTHUOTAL.

Ke@pdhato 2. AlEpeuvavog TV aviXVEVeLUOT)TE Kot Tig 1diotntes tov THEMs
YOpo oo tov eEwmhavity € Eridani b

Ze outd 10 KEQPALOLO SLEPEVVOTUE OV OL TTaALPPOIKA Bepurotvouevol eEwdopupopol
WITOPOUV VO. ElvVaL OPKETA PMOTELVOL 0TO VTTEPLOPO HOTE VO vy VEVBOUV e TO Lot
wkd tieokomo James Webb Space Telescope (JWST) yOpw astd kovtivolg yiyovteg
mhovnteg. Xpnowpomolovue tov mhavity Eridani b oov case study. Avamtiooovue
UOVTELC, TTOU GUVOEOLV TNV TPOYLAL KOL TLG (PUOLKEG LOLOTNTEG EVOG dOPUPOPOU e T Oep-
UOTNTO TTOV TOPAYETOL OTO ECWTEPLKO TOV UECW TAMPPOIKDOV duvduewv. Emumhéov,
UOVTELOTTOLOVE TOV TPOTO UE TOV OTol0 1 OepudTNTA UETAPEPETAL OTO ECOTEPLKA
oTPMOUATA TOV dopuPdpov, uéypL vo. emtevydel Loopportio HeTaED Tapaymyic Ko
andiewog Oepudtrog. EEetdlovpe molhd mbavd oevapia Sopupdpwv, uetofaiho-
VTaG TO UéEYeBog, TNV TPOYLAL TOUG KOl EVOOUATMOVOVTAG ABERAOTNTEG OTLG LOLOTNTES
TV VMK®V Toug. To amotehéopatd pog deiyvouv Ot évag dopupdpog mepimoy di-
mhaolog oe puéyedog amd v Lo, wov mepupépetor yOpw 0sto tov € Eridani b , umopei va
elvol aviyveloLog av €xeL TPOYLOKES LOLOTNTESG TTOPOUOLEG E CUTEG TWV dOPUPOPWV
OV NMOKoU pag cvotuatog. 'Eva amd ta facikd ovumepdopata tov Kegolaiov
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elvan 0TI, €POOOV TO PEYEDOG KO 1 TPOYLOKY ATtO0TA0T EVOG dOPUPOPOU NTov NoM
YVOOTa atd dAAn puébodo, dmwe 1 uéBodog tng diéhevang, N VITEPLOPY PWTELVOTN-
T4 tov O propoloe va aEoromOel yia Tov TPOOoSLOPLOUS TG EKKEVTPOTITOG TG
TPOYLAG KOL TMV EGWTEPLKMV LOLOTNTWV KOl YOPAKTNPLOTIKMV, OTTWG VL0 TOPAdELYLOL
TV TOPOVOILA GTPWUATOV AMOUEVOV TETPOUATOV. AVTO oNuaiver OTL (oL ETLTUYTG
aviyvevon dopuvpdpou ato vEpOupo yipw amd tov € Eridani b Oa pmopotioe va uog
dWOoEL APEDEG TIANPOPOPLES YLOL TO ECMTEPLKO TOV, Kablotdvtag T THEMs molvtipua
medio LEAETNG YLOL TNV KOTOVON 0T TG OMNAETIOPOONG E0MTEPLKOV KO TPOYLAG.

Kegdloro 3. Zrektpoastponetpio: po vrosyouevn uédodog yio v aviyvevon
eEwdopuvpopmv

Av KaL To mtponyouevo Kepdhoo £8e&e 6t T THEMs (duhdowa og uéyebog oo
™V o) propovv va aviyvevBoiv otny vmépubpn aktivofolia, ol Tpéyovoeg uébodot
dev elvor akdun apketd gvaiotnteg yio vo Bpouv dopupopoug ooV aUToUg IOV YVM-
pitovpe 010 NMAakd pog ovotnua. O dopuedpoL Tov BPLOKOVIOL OUEPT 0TO OpPLaL
aviyvevong twv neboddwv eivar eite peyahiepol, eite Oepudtepot, eite kou ta dvo. o
va Eemepdoovpe owtd To mpdPAnua, eEepevvijoaue wo péBodo ov ovopdletol ome-
KTpoaoTpoueTpia. H teyviky) aut UETPAEL WKPEG UETATOTIOELG 0T POLVOUEVLKTY OEom
evog AoVt 08 SLapopeTiKd ik KOpotog. Ol HETATOTIOELS GUTEG TPOKAAOVVTOL
otav évag dopupoOPos, TO PG TOV 0TTOloV dEV WITopel var aviyvevdel amd wovo tov,
OUVELOPEPEL 0TO GUVOMKO O1uct. AVOTTTOCOUUE PLet LOOUOTLKY] TTEPLYPApY| TOV OTTE-
KTPOOOTPOUETPLKOV ONUATOG TTOU TOPAYEL £vag 0pUPOPOC 08 TPOYLA, KoL EKTIUAUE
TG TNyég BopvPov oV UTOPOVV VAL ETNPEACOVV UidL TETOLOL UETPNOT), OTTWG ULKPEG O
TOKAMOELG 0T 0TOYEVON TOV TNAETKOTTIOU, TOV BOpUPo vItofadpov Kou Aettovpytkoc
TEPLOPLOUOVG TOU aviyveuTy. Egapudlovpe 1o mopamdvm poviéha og vmodetikolc
dopupopovg YUpm amd Kovivolg yiyavteg TAavijtes, ue mopdderyuo tov € Indi Ab,
yioe var dovue L eidovg dopuedpoL PITopovv va aviyvevBouv pe t uébodo g ome-
Kktpoaotpouetpiog. Ta amoteléopotd pog deiyvouv Ot 1) aviyvevon eivar dvvati ue
ta ThAeokdma véag yeviag omtwg to ELT, yia dopupdpovg mapdpolovg o uéyebog pe
ekelvoug Tov Nhakol tog ovotuatog. Kat’ autdv tov tpdmo, ta dpLa aviyvevong
€pYOVTOL TTL0 KOVTA o€ ekelva Twv NdN yvwotmv dopupopwv. Téhog, deiyvouue ot
ueydiol oymuévor dopupopot, oe nEyedog ovyKpiolo e Tov Apn, Oa propotioay va
oviyvevfohv ota TANOLETTEPO TTAUVITLKG GUGTIULALTOL.

Kegdroo 4. IIpocBitovrag Oepués eotieg kou neaioteie: pia véa uédodog yo
™v aviyvevon THEMs

e auTo 10 Kepdhawo eEetdlovue av dopupodpol, ue Bepuéc eatieg KoL NQaiotelo oty
ETMUPAVELA TOUG, LWITOPOVY VO AV VEVOOVY UECW OAMAYAMY 0T POTELVOTNTA TOVG Kal-
00g Kivolvtan YOpw amd tovg mhaviteg Tovg. Av évo THEM éyel evepyd neaiotela
1 Oepuég meployég dLAOTAPTEG 0TV EMPAVELR TOV, Omwe 1 lw, TdTE M VITEPLOPN
POTELVOTNTA TOV Oa peTafdrheton KoOmG dLOPOPETIKEG TTEPLOYEG OTPEPOVTAL TTPOG 1
nokpLd amd epdic. o va to dokiudooupe ovtd, TPOTOUOLHVOUUE SOPVPOPOVE SLOLPO-
PETIKDV HeyedDV yOpm artd Evav HEPOVOUEVO TAAVITH Ko peheToOue mtmg adldlouv
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TV VTEPUOPN POTELVOTNTO TOV CVOTHUATOS. 2T CUVEXELD EEETALOVUE AV CUTEG OL
meplodikég ahlhayég eivar evdidkpiteg oto dedouéva. Bpiokovue 6t neorotelokol
dopupodpol pe Bepuéc meployég oe Bepuokpaoieg mapouoLeg we ekeiveg g lovg wro-
POVV VO 0POOVY VLY VEVOLUO ATTOTUTTOUO 08 (KPOTEP VITEPUOPO UK KOUOTOG.
e pueyolltepo WK Kouatog To ofjua eEacbevel, alhd cuykplivovtag mopatnprosLg
oe 800 daopeTikd KN Kouatog umopotue vo Eexwpioovue T CUVELGPOPH TOV
dopupdpov amd ekeivn tov mhavnt). Ta amoteléopata deiyvouv 6Tl avtr) 1 uébo-
d0g umopel va evtomtioer dopupdpoug e to ueyéhog tov Apr oe atootdoelg fwg 10
parsecs, Kau pueyébovg I'ng oe mmo amopaxpuouéva cvotmuata. H mpooéyyion avti
dtevpiivel tig duvatdmteg avalntnong eEwdopuvpdpwyv, Wiaitepa yOpw amd uepo-
VOUEVOVG TTAOVITEG 1) TAOVITEG TTOU €XOVV OTTELKOVIOTEL AUEDT, KOOMG WITOPEL VO
VLY VEDOEL BOPUPOPOVG OKOUN KOL AV OL TPOYLEG TOUG dev evBuypoupifoviol wote va
mopopnTnOoVV dieheoeLc.

Kegpdraro 5. Movtehomoinon Tov E6OTEPIKMDV KAl TS KPVONPALOTELOKTS
dpaotnprotnros Tov eEnmhiavntov Trappist-1f, g, h

e auto To Kedhalo eEgpeuvolie To ECWTEPLKA TPLOV EEMTAOVNTHV 0TO GVOTNUL
Trappist-1, tov mavntov f, g, h, Tov omoiwv oL Bepuokpaoieg Kat oL TUKVOTITEG
delyyvouv OTL Wtopel vo. LoLALouy Ue TOVg TOYWUEVOUG dOPUPAPOVG TOU NALAKOU 1og
OUOTNUOTOG. ZTOY0G WOG Elval vo. doVUE oV 1 E0MTEPLKT] BepUdTNTA TOV UTTOPEL VOl
ETLTPEPEL TNV VITOPEN VITOYELDV WKEXVADV KOL VO, TPOPOSOTHOEL TAYWUEVO NPOIOTEL,
YVOOTA WG KPUon@aioteld. Moviehomolotue Tmg Tapayetal OgpuoTNTo 0TO E0MWTE-
PLKO QUTOV TOV TAAVNTOV 00 dV0 KUPLEG TNYEG: TNV TOALPPOIKY K TN padLloyevi
BepudTTo amd T dLACTAON PASLEVEPYMV OTOLEIWV OTO E0MWTEPLKO TOV. ZuVdEo-
VTOG QUTEG TLG TINYEG OePUOTNTOG PE ECWTEPLKEG LOLOTNTEG TV TAAVNTAOV, OTWG TO
OO TV WKEAVDYV, EVTIOMITOVUE TOLEG ECMTEPLKEG DOUEG UITOPOVV VAL dLOTNPoOUV
LooppoTTia TapoywyNG Kot ammielog Oepuotntac. Ta amoteléopatd pog deiyvouv
ot yua toug Trappist-1 f, g 1 woppostio avt) eivar duvvaty) pdvo av to eEmtepiko
TOYywUEVO KEMIPOG elvar oyeTikd Aemtd, mepimou 4—10 yhopétpwy, ue vITdyeLovg m-
Keavog mmayovg 90—120 yAlopéTpmv. Ze AUTEG TIG TEPLITTMOELS, OL VITOYELOL WKEOVOL
0o umwopovoav va ovvdéovior Gueoa ue v empdavelo. O Trappist-1 h avtifeto, Oa
ypeLCoTay mayvtepo KEAUpOG YLo vo dtortnpn el og Bepuik) Looppostic. AoKiudoo-
UE ETLONG OV 1] KPUONPOLOTELOKT] EKTTOUITY] VEPOV, OTTO TTidaKeg atudv Oa pwopovoe
vo oveyvevBel pe to drootnuikd treokdmoJWST. Akdun kou ota o aoddoEa oe-
vapia, M ovixvevon Ba atontovoe Koumavio dvo g dekoetiag, KAt mov KabLotd
omifavn TV TapaTpnon ue onuepwva opyava. Melhovtikég mpoomdbeieg wmopel
Vo, £(OUV TTEPLO0OTEPEG TOAVOTNTEG E0TLALOVTAG 08 EEWTAAVITEG UE TTLO EMLELTTTLKEG
TPOYLEG, OTTOV 1) HEYOLVTEPA TTOMPPOIKY) BepudTITa PITopEl va. avENoeL Tovg puBuolc
EKITOUTTI]G VEPOU O€ QVLYVEVOLLLOL ETTLITED QL.
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inspired me to pursue them further in my research. The end of the MSc coincided with
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different person. At present, I am exploring the world of industry, yet I find myself missing
scientific research.
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10.

11

Propositions
accompanying the thesis

Lighting up dark exomoons

Observational signatures of tidally induced volcanism in other worlds

The synergy between exomoon transits, infrared flux detection, and tidal modelling offers
a pathway to constraining the orbital eccentricity and the internal structure of tidally
heated exomoons. (Chapter 2)

Spectroastrometry permits detections of solar system-like moons at plausible
temperatures and sizes in nearby systems. (Chapter 3)

Photometric orbital modulation enables THEM detections at non-transiting inclinations,
removing the need for the geometric alignment required by exomoon transits. (Chapter
4)

Transmission spectroscopy with JWST is an inefficient route to detecting cryovolcanism
in the TRAPPIST-1 system. (Chapter 5)

Exomoon detections will move the question from “How many planets?” to “How many
worlds per system?”.

The astronomical community should adopt the convention that the term “biosignature” is
used only when multiple observables, interpreted in planetary context and supported by

modeling, favor a biotic interpretation.

For an engineer, becoming an astronomer is a retune: the optimization flips from picking
the best solution from many to extracting the most information from limited data.

Media should report uncertainty and process, not just breakthroughs; otherwise the
public learns spectacle, not science.

In a society that overprioritizes outcomes, “useful” must be proven in advance, and
understanding becomes a byproduct.

Communication across cultures fails less on words than on unspoken assumptions.

. Moons are like bitterballen, colder outside but piping hot inside.
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