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Summary

Jupiter’s incredible mass in combination with l0’s close proximity to the gas giant causes it to experience
a massive build up of internal heat due to how much it is deformed. This in turn leads to lo being the
most volcanically active body in the solar system (Pommier and McEwen, 2022). However, the exact
make-up of lo’s interior and how this leads to volcanism is unknown. Current observations still allow
for the existence of several different models on how lo’s heat is distributed across its interior (Lopes
et al., 2023). A more complete understanding of 10’s interior will also help model the conditions in and
on exoplanets and exomoons that experience similar conditions.

In this Thesis, spherical harmonics applied to the hotspot distribution and intensity are used to
identify long wavelength signals, because those can originate from deep within lo, thereby allowing
a look into the interior of the moon. Spherical harmonics are used, instead of other methods such
as nearest neighbor analysis, because spherical harmonics are particularly well suited to describe
distributions on the surface of a sphere. One can think of it as Fourier analysis applied to the surface
of a sphere. Previous research exists for different methods of finding long wavelength signals, such as
gravity field measurements during flybys (Anderson et al., 2004) or examining lo’s induced magnetic
field (Khurana et al., 2011). This Thesis focuses on analyzing the hotspot distribution, similar to work
performed by Kirchoff et al. (2011) and van Sliedregt (2020), but until now the intensity of the hotspots
has not been included in these analyses. The result of the spherical harmonic analysis allows for
the creation of maps showing the intensity distribution on the surface of lo, thereby allowing for a
comparison with existing heat flux distribution maps.

By adding weights to the spherical harmonic expansion the impact of including hotspot intensities
is examined, and both patterns represented by the weighted and unweighted spherical harmonics are
compared to existing end-member models of lo’s interior to determine if adding the intensity has an
impact on which model is the best choice. These models are the Deep mantle heating model, where
the source of l10’s volcanism is located in the deep mantle; the Asthenospheric heating model where
the magma is located closer to lo’s surface; and the Magma Ocean model where there is a magma
ocean directly under lo’s surface; this model also has a variant where it's more of a Magmatic sponge
(where magma is not entirely disaggregated), but its heat flux map is too similar to the Magma Ocean
model to allow a distinction between these models using the work from this Thesis alone (Pater et al.
(2021), Pommier and McEwen (2022) and Lopes et al. (2023)).

As only long wavelengths are relevant, the two strongest signals at low order harmonic degrees
of the spherical harmonic expansion are investigated further. The first selected harmonic degree is
[ = 2 based on the spectral power of the unweighted spherical harmonic analysis. Additionally, this
corresponds with the degree 2 signal found in existing works such as those by Kirchoff et al. (2011). The
second selected harmonic degree is [ = 4, because it produces the closest fit to the observed data when
analyzing the hotspot distribution with and without intensity at low harmonic degrees. Interestingly, the
spectral power of the weighted data has a strong signal at all harmonic degrees. The reason for this
is that there is a large difference between the strongest source of Loki Patera and the next strongest
hotspot, so a strong signal from Loki Patera is present in all lower degrees of the spherical harmonic
expansion. This strong spectral power at all degrees (up to degree 30 has been checked) means
one can take a low degree, such as 4, and argue that Loki Patera is a long wavelength phenomenon
(supported by e.g. Veeder et al. (2009) and Veeder et al. (2011)), but it is equally valid to select a higher
degree and argue Loki Patera is caused by a short range process such as ancient impacts and local
rheology (mentioned by Steinke et al. (2020)). Unfortunately, this means that no definitive conclusion
can be drawn as to whether the main signal found by the spherical harmonic analysis of lo’s hotspot
distribution, including the intensity, is a long wavelength signal originating from deep within lo.

Comparing the spherical harmonic fields at degree 2 and 4 with heat flow maps for the end-member
models shows that both the hotspot distribution with and without intensity allow both the Asthenospheric
or Magma ocean models as the source of lo’s volcanism. Both the weighted and unweighted model
show an offset to the east of the sub-Jovian and anti-Jovian point for the location of highest heat flow.
This favors the Magma Ocean model, though a soon to be published article by Veenstra et al. (2024)
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Xiv 0. Summary

shows this offset also occurs in models without a magma ocean due to a feedback loop between
tidal heating and melt generation. There is a major difference between the weighted and unweighted
models, however, in that for the unweighted analysis the highest concentration of hotspots is at about
150 °W (30 °E of the anti-Jovian point), with a secondary maximum at about 330 °W just south of the
equator (30 °E of the sub-Jovian point); in contrast the weighted analysis has the primary maximum
near 315 °W just north of the equator with the secondary at about 150 °W only at harmonic degree 2
and no true secondary maximum for degree 4. This means that what appears to be the primary location
for heat output of the hotspot distribution is not actually the location with the highest power output when
considering the actual intensities.

For future research it may be worth investigating the possibility of mitigating the impact of a strong
single source by dividing the power of hotspot over its emitting area, instead of keeping it focused on a
single point. Although, the emitting area may still be too small compared to the total size of lo for this to
make a large enough difference. Other potential avenues of research include using a smaller binsize
when comparing the latitude and longitude distributions of the observations and the spherical harmonic
models to see if that leads to a different fit between them, while making sure bins don’t become too
empty; investigating the hotspot power changes over time using the Veeder2015 (Veeder et al., 2015)
and Davies2024 (Davies et al., 2024) data sets; or performing the spherical harmonic analysis on
different types of volcanic location separately such as only dark paterae, bright paterae, outflows, etc.,
to see if they lead to similar results as the complete data set, because some types of hotspot may
respond differently to local conditions or be caused by a different source. This does require calculating
the emitted power for all hotspots that are currently missing it. One last recommendation is a dedicated
satellite mission to lo capable of observing several physical parameters at once, such as magnetic
induction, surface temperature and gravity field, because that will help constrain current models and
allow further study of the heat output over time to definitively determine whether lo’s volcanic activity
varies (periodically) over time.



Introduction

lo is the most volcanically active body in the Solar system, even more so than Earth, because of its
proximity to the gas giant of Jupiter. This leads to the moon being massively deformed due to Jupiter’s
gravitational pull, which results in a massive amount of thermal energy in the interior of the moon
(Pommier and McEwen (2022), Lopes et al. (2023)). This energy is released via numerous powerful
eruptions both short-lived and explosive, and longer-lived continuous outflows. An important question
leading from this volcanic activity is how it is related to the interior of the moon. Unlike Earth where the
interior make-up, while still being discovered in detail (Pham and Tkal&i¢ (2023)), is roughly known, the
same cannot be said of lo. There are still several possible models based on current observations of
lo’s hotspots and limited availability of gravitational measurements (e.g. Lopes et al. (2023) and Davies
and Veeder (2023)). Understanding the interior of lo will lead to a greater understanding of the interior
and exterior conditions on extra-solar bodies that share similar circumstances.

In order to find out more about the interior of lo one can look for long wavelength patterns on
lo, because the long wavelength means the cause of the phenomenon being observed is most likely
located deep within the moon. There is no indication in existing literature of long wavelength signals not
originating from deep inside lo. Existing long wavelength analysis includes observations of its gravity
field during flybys (Anderson et al., 2004) to restrain the make-up and size of lo’s core, and examining
its induced magnetic field to find that lo’s mantle cannot be completely solid (Khurana et al., 2011).
Looking at l0’s hotspots specifically, Kirchoff et al. (2011) uses spherical harmonics to analyze the
global distribution of mountains and volcanic centers on lo and found that these are likely caused by
asthenospheric (upper part of the mantle right under the crust) heating. Hamilton et al. (2013) uses
Nearest Neighbor (NN) analyses on the hotspot distribution to find that deep mantle heating fits a global
NN analysis and asthenospheric heating (with a 30-60° offset from the model) when considering the
near-equatorial concentration of volcanism. Veeder et al. (2012) shows a shift to the east from predicted
heat flow patterns for the asthenospheric tidal heating model, and Davies et al. (2015) created maps
of the global heat flow based on lo’s hotspots to conclude neither the deep mantle heating model, the
asthenospheric heating model, or any combination thereof examined at the time can explain observed
heat flow patterns.

This Thesis will expand on the use of using spherical harmonics, such as used by Kirchoff et al.
(2011) and van Sliedregt (2020), because they are a type of function particularly well-suited for de-
scribing distributions on a sphere. These functions can be thought of as a Fourier series applied to
the surface of a sphere (Sneeuw (1994)), and allow one to create models showing the concentrations
of hotspots at different wavelengths. One can also use the spectral power of these wavelengths to
determine which wavelength best describes the hotspot distribution. This Thesis expands on existing
work by adding the hotspot intensity to the hotspot distribution by modifying the spherical harmonic
equations to include a weighting factor. This weighting factor can also be used to add different infor-
mation, but only the hotspot intensity is considered here. Including this information could potentially
uncover new patterns that can not be gleaned from the distribution of hotspots alone. To do this the
assumption is used that any long-wavelength signals discovered are the result of planetary scale heat
redistribution in the interior of the moon. This is a logical assumption to make, because otherwise the
large amount of heat generated by Jupiter’s proximity and lo’s eccentricity would have to be generated
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2 1. Introduction

mostly, if not entirely, in the uppermost part of 10’s interior close to the crust. That makes little sense
given the entire moon is affected the deformation caused by Jupiter’s proximity and lo’s eccentricity.
The spherical harmonic results are also compared to existing work to verify the method has been imple-
mented correctly. The weighted and unweighted spherical harmonic fields produced by the spherical
harmonic expansion will also be compared to existing end-member models.

The Thesis is structured as follows. Chapter 2 on page 3 gives a brief overview of the currently
available observations of lo, the suggested models for its internal heat distribution, and a short look
at lo’s biggest hotspot. Chapter 3 on page 9 provides more details on the (un)weighted spherical
harmonics, such as the equations used in this Thesis. Chapter 4 on page 15 verifies the (weighted)
spherical harmonics work as intended by comparing the results produced for this Thesis to existing
work. Chapter 5 on page 17 details the data sets used in this chapter, the best spherical harmonic
degrees to use and analyses the results of the unweighted and weighted spherical harmonics. The last
chapter of this Thesis is Chapter 6 on page 33, which are the conclusions and recommendations.



Observation of hotspots and modelling
the interior of lo

lois a unique planetary body in the Solar system and one can explore its properties using many different
means, such as magnetic (Khurana et al., 2011) or gravitational measurements (Anderson et al., 2004),
or determining the amount and type of volcanic material ejected into orbit around Jupiter (Pater et al.,
2020). This Thesis focuses primarily on further restricting the possible interior structure of lo using the
heat flow based on (the intensity of) volcanic activity. Section 2.1 gives a brief overview of the history
of lo observations, with a focus on detecting volcanic eruptions. After that, Section 2.2 on page 4 goes
into detail on the existing types of models that may explain lo’s interior structure. Section 2.3 on page
8 briefly discusses the potential source of lo’s most famous and outstanding hotspot, Loki Patera.

2.1. A brief overview of remote observations of hotspots on lo

lo was first discovered in 1610 independently by both Galileo Galilei and Simon Marius, along with
the three other Galilean moons of Europa, Ganymede and Callisto. While lo has been observed in
the centuries since, discovering, for example, the 4:2:1 orbital resonance between lo, Europa and
Ganymede, and deriving enough information to conclude lo must be a rocky planet (Pommier and
McEwen (2022), Lopes et al. (2023)), lo’s potential for volcanism wasn't officially proposed until 1979
by Peale et al. just a few days before Voyager | entered the Jupiter system (Peale et al., 1979). In their
paper they predicted that lo’s interior might melt due to tidal heating caused by lo’s extreme proximity
to Jupiter and the forced eccentricities caused by the resonance with the other Galilean moons. Their
prediction would turn out to be accurate, in fact it is estimated that lo’s total thermal emission is + 105
TW, about half of which is emitted by lo’s volcanoes (Davies et al., 2024).

lo’s volcanism is similar to some of Earth’s. More specifically, the volcanoes on lo show similarities
to some of the basaltic volcanoes found in Hawaii. In contrast to Earth, lo, while having mountains up to
1 18 km high (Kirchoff et al., 2011), does not possess any stratovolcanoes. So far, remote observations
have confirmed the presence of silicate lavas, and there are a few observations which point to ultramafic
lava (lava very low in silicates with a very high melting point at over 1200 °C), but this is not yet definitive
(Pater et al., 2021). Most volcanic centers on lo have dark circular features surrounding them and are
lower than the surrounding terrain. So because this makes them look somewhat like calderas on Earth
and this appearance isn’'t necessarily due to volcanic processes, these volcanic centers are usually
referred to with 'patera’ ('paterae’ for plural) (Lopes et al., 2023).

Unfortunately, no dedicated mission to lo has been launched so far due to the extremely inhospitable
conditions caused by the intense radiation from Jupiter’s magnetic field (Pommier and McEwen, 2022),
but a lot of information has been gained by satellites doing a flyby of Jupiter or lo, and by satellites
observing lo after their main mission is completed, such as Galileo and Juno (e.g. NASA (2009), Mura
et al. (2020) and Zambon et al. (2023)). The rest of this section will highlight the main instruments used
to observe hotspots that have erupted recently, and those that were active but haven’t cooled enough
for a layer of sulfur to form over the hotspot location. Io’s consistent volcanic eruptions lead to rapid
resurfacing (geologically speaking) so hotspot locations that have been inactive for too long (£ 1 million

3



4 2. Observation of hotspots and modelling the interior of lo

years) cannot be detected, because they’ve been covered by volcanic ejecta (Williams et al. (2011)
and Hamilton et al. (2013)).

Some of the instruments used to study lo’s thermal output over the years, starting with the Voyager
| mission will be mentioned here. The Voyager | mission passed by the Jovian system and managed
to make several images of lo using its Imaging Science Subsystem (ISS) and InfraRed Interferometer
Spectrometer (IRIS) subsystems. By combining the Voyager | ISS images with data obtained using
Galileo’s Solid State Imager (SSI), Williams et al. (2011) was able to create a global geologic map
of lo. Galileo’s observations of lo after completion of its primary mission using its PhotoPolarimeter-
Radiometer (PPR) and Near Infrared Mapping Spectrometer (NIMS) instruments yielded an extensive
amount of data about lo’s thermal emissions being used by the scientific community to this day (Davies
et al. (2015) and NASA and JPL-Caltech (2023) among many others). In a similar fashion, Juno’s
Jovian InraRed Auroral Mapper (JIRAM) instrument has been used sporadically during Juno’s primary
mission to study l0’s heat output, and is still being used now that Juno’s primary mission has been com-
pleted (Mura et al. (2020) and Zambon et al. (2023)). Fly-by missions have also yielded some data on
lo’s thermal activity, such as New Horizon’s LOng Range Reconnaissance Imager (LORRI) and Linear
Etalon Infrared Spectral Array (LEISA) instruments, and Cassini’'s ISS subsystem (Veeder et al. (2015)
and Hamilton et al. (2013)). There even exist a few observations using Hubble’s Near Infrared Camera
and multi-Object Spectrometer (NICMOS) instrument (Hamilton et al., 2013). There also exist many
earth-based observations of l0’s stronger hotspots thanks to the advent of Adaptive Optics (AO) allow-
ing for corrections caused by distortions from Earth’s atmosphere. The main observatories delivering
data about lo’s heat flow are all based in Hawaii and are the Keck Observatory using its Near-Infrared
Camera, Second Generation (NIRC2) instrument, the Gemini N Observatory using its Near-InfraRed
Imager (NIRI) instrument, and the Mauna Kea Observatory using its InfraRed Telescope Facility (IRTF)
instrument (Davies et al. (2015) and de Kleer et al. (2019b)).

In Chapter 5 data obtained from the above mentioned sources is used. For information on how this
data is processed and used, see Section 5.1 on page 17.

2.2. Existing models for lo’s internal structure

That lo is a volcanically active moon is without question in the current day, but the exact interior structure
of lo is still an unknown. The current assumption is that lo has a Fe-FeS core of about 950 km radius
and a silicate based mantle and asthenosphere (Pommier and McEwen, 2022). Due to lo supporting
some very impressive mountains of up to + 18 km, it needs to have a thick silicate crust to support
those mountains (Kirchoff et al., 2011). lo’s high volcanic activity also means it has some amount of
melt, but the amount and location of this melt (if it's in a melt layer, or pockets, and at what depth) is
still uncertain.

There currently exist three end-member models of l0’s interior structure, one of which can be split
into two separate but similar models. Note that models are referred to as end-member models, because
they are likely an oversimplification of reality. The three main models, as illustrated in Figure 2.1 on
page 5, are the deep mantle heating model (A), the asthenospheric heating model (B), and the magma
ocean model. This last model is then split in a pure magma ocean (D) and a magmatic sponge model
(C) (Lopes et al. (2023), Pommier and McEwen (2022) and Pater et al. (2021)). In the deep mantle
heating model (A) it is assumed that the volcanism arises from solid body heat dissipation in the deep
mantle, so there is no significant melt layer. The asthenospheric heating model (B) is similar, but here
it is assumed the heat is dissipated in the asthenosphere, so closer to the surface of lo. In the magma
ocean model (D) (Tyler et al., 2015) there is a liquid magma ocean between the asthenosphere and
crust. The necessity of the magma ocean for certain observations is still unclear with research available
supporting this model (Sebek et al., 2019) and research that can explain certain measurements without
the need for a magma ocean, such as the magnetic induction (Bldcker et al., 2018) and the eastward
offset of the highest concentrations of heat away from sub- and anti-Jovian points (see an upcoming
article by Veenstra et al. (2024)). As it stands, the magma ocean model is a viable option. The magma
sponge model (C) is similar to the magma ocean model, but instead of being completely disaggregated
the melt is still contained within a solid silicate medium. See Figure 2.2 on page 5 for different forms
that melt could take within lo; de Kleer et al. (2019b) goes into more detail on this matter.
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Core

Figure 2.1: A schematic depiction of the interior structure of lo for the four different end-member models, counterclockwise
from the top-left: solid body dissipation in the deep mantle (A), solid body dissipation in the asthenosphere (B), dissipation in a
magmatic sponge (C), and fluid body dissipation in a magma ocean (D). See Table 2.1 on page 6 for a comparison of how the
geophysical properties of lo are affected by the different models. Note that the features in this image are not to scale. Edit of an
image courtesy of Chuck Carter and James Tuttle Keane / Keck Institute for Space Studies (Chatila (2024)).
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Figure 2.2: This image shows the potential physical form melt can take inside lo and other similar partially molten exoplanets.
Image scale is in the order of about one centimeter. Image courtesy of Chuck Carter and James Tuttle Keane / Keck Institute for
Space Studies (Chatila (2024)).
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These different models give rise to different physical properties. So by measuring certain geo-
physical properties the most accurate type of model can be found. The geophysical properties for the
different end-member models are listed and compared in Table 2.1. The analysis presented in this The-
sis will focus primarily on the heat flux distribution by using spherical harmonics to produce a model
showing the power output per square kilometer.

Table 2.1: The geophysical measurements corresponding to each of the four end-member models for lo’s interior structure. This
table is a copy of Table 4.4 on page 140 from Lopes et al. (2023).

A Solid lo, with B Solid lo, with C lo with a D lo with a
dissipation in the | dissipation in the | magma ocean magma "sponge”
deep mantle asthenosphere

Tidal deformation | Low Low High Low

(e.g. k2)

Libration Small Small Large Small

amplitude

Magnetic Weak Weak Strong Strong

induction

Lava High- Basaltic Very Very

temperature temperature high-temperature | high-temperature
basaltic ultramafic ultramafic

Heat flux More polar More equatorial More equatorial More equatorial

distribution or uniform or uniform

Crustal thickness | Thin at equator Thin at pole Uniform Uniform

variations

For an overview of how the heat flux looks like on a planetary level, as opposed to the simple
description given in Table 2.1, see Figure 2.3 on page 7. Similar figures can be found across the
scientific literature discussing the interior structure of lo. For deep mantle heating (A) you can clearly
see the concentration of heat on the poles mentioned in Table 2.1, but based purely on Table 2.1 the
presence of strong minima centered on the sub- and- anti-Jovian point could be overlooked. For the
asthenospheric heating (B) there are minima on the poles, as expected based on Table 2.1, and the
maxima are located at the sub-Jovian and anti-Jovian points, but not directly on the equator, instead just
to the North and South of it. The asthenospheric heating model also has secondary maxima between
the sub- and- anti-Jovian points on the equator. The magma ocean and magma sponge models (C in
Figure 2.3) show heat flow primarily focused around the equator where the maxima are actually located
on the equator, unlike for the asthenospheric heating model, and have their maxima shifted to the east
of of the sub- and- anti-Jovian points.

Because the end-member models have sufficiently different heat distribution on the surface to be
clearly unique from each other, this helps determine which model is the best fit for results of the weighted
and unweighted spherical harmonics, based on the location of highest heat flow using both the North-
South and East-West differences in the end-member models. The only exception is the Magma Ocean
and Magma Sponge models whose heat distribution is too similar to separate based solely on that, so
only the Magma Ocean model will be taken into account. As each model corresponds to a different
internal structure, the best model is most likely to represent the real interior structure of lo. These best
fits are determined in Section 5.3 on page 25 and Section 5.4 on page 27.
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Figure 2.3: Modeled heat flow at the surface of lo caused by tidal dissipation within lo, for three of the end-member models. The
top image shows the result of tidal heating concentrated solely in the deep mantle, the middle image shows the result of tidal
heating purely in the asthenosphere, and the bottom image shows the result of tidal heating purely in a magma ocean. Image
is a copy of Figure 4.3 on page 115 of Lopes et al. (2023); for detailed properties of these models see Table 4.1 of Lopes et al.
(2023).
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2.3. The potential origins of Loki Patera

The most famous hotspot on lo is Loki Patera at 10 °N and 310 °W, because of its massive size (> 200
(km) diameter (Radebaugh et al., 2001)) and heat output. In fact, it is in and of itself responsible for £
10% of lo’s total heat output (Veeder et al., 2012), or one fifth of the total volcanic heat flow. Because
of it's massive power Loki is expected to have noticeable impact on the spherical harmonic analysis
when taking into account the hotspot intensities.

It is still unknown why Loki Patera is so massive, and what exactly the cause is for this standout
feature on the surface of lo. Due to its massive heat output one might expect this hotspot to be caused
by some sort of global process. For example, when looking at the heat flow from all dark patera (which
Loki is one of) this heat flow is centered around Loki with another concentration of heat roughly as strong
directly opposite of Loki Patera on lo’s other hemisphere (Veeder et al., 2011). Similarly, studying the
flow from dark fields (which Loki is not part of) shows that most of the heat from dark fields is found on
the hemisphere opposite of Loki Patera (Veeder et al., 2009). From these two studies one certainly gets
the impression there is some sort of global process balancing heat across the surface of the moon. On
the other hand, one can argue Loki Patera is the product of a local phenomenon, perhaps an asteroid
or meteorite impact sufficiently weakened the surface to allow the creation of Loki Patera (and perhaps
other hotspots), or the local rheology combined with mantle upwellings creates Loki (Steinke et al.,
2020).



|dentifying long wavelength features
using spherical harmonics

Long wavelength features can be used to determine, or at least narrow down, lo’s interior structure,
unlike short-wavelength signal which are related to more local phenomena on or close to lo’s surface.
In this Thesis the distribution and intensity of hotspots are analyzed using spherical harmonics to find
long wavelength signals.

Some other methods that have been used to find long wavelength features include using nearest
neighbor analysis (Hamilton et al., 2013), putting the intensity into bins across lo’s latitude and longitude
(Veeder et al. (2012), Veeder et al. (2015)) and creating contoured maps using those bins (Davies
et al., 2015), or using spherical harmonics (Kirchoff et al., 2011). For this Thesis spherical harmonics
were chosen, because it is an excellent way to quantitatively analyze distributions on a sphere, and
the models produced by the spherical harmonic analysis can themselves be divided into bins across
latitude and longitude, such as those used by Davies et al. (2024) for easy comparison. It is also a
convenient way to study hotspot distributions for several wavelengths and determining which is the
best fit to existing data. This Thesis continues earlier work by Kirchoff et al. (2011) and van Sliedregt
(2020) by adding weights to the spherical harmonic analysis to include the power of hotspots.

Spherical harmonics analysis can be considered as applying a Fourier analysis to the surface of a
sphere. In this Thesis spherical harmonics are used to find long wavelength signals in the distribution
of volcanic hotspots on the surface of lo, as well as identify long-wavelength signals in the intensity
distribution of volcanic hotspots. Existing literature, such as Veeder et al. (2012), Steinke et al. (2020)
and Davies and Veeder (2023), contain analyses of the global surface pattern and intensity of lo’s
hotspots and mention these are the result of planetary scale heat distribution in the interior of lo. So
any long wavelength signals found in this Thesis are also taken to be from the interior of lo.

This chapter is splitinto three parts, Section 3.1 elaborates on the equations used for the unweighted
spherical harmonics, Section 3.2 on page 11 shows the required to changes to perform spherical anal-
ysis with weights (so the hotspot intensity can be incorporated), and Section 3.3 on page 13 details
how the equations from the previous two sections have been applied to lo’s hotspots.

3.1. Spherical harmonics
The fully normalized spherical harmonic field is calculated using:

2—60m) 2L+ 1) (L —m)! )
fim (9,¢):\/( 0 )4;(1:”)!)( m) Py, (cos 0) (¢ cos mep + sy, Sinme) (3.1)

Here f;,, is the spherical harmonic field for harmonic degree [ and order m, where m satisfies
0 <m < 1. Py, are the associated Legendre polynomials at degree [ and order m. 8 is the colatitude,
¢ is the longitude, c;,,, and s;,;, are the harmonic coefficients derived from colatitude and longitude of
surface distribution (hotspots). §;; is the Kronecker delta function, which is 1 if both indices are identical
and 0 otherwise. This equation is a copy of Equation 1 from Kirchoff et al. (2011).

9
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The spherical harmonic coefficients, ¢;,, and s, are:

e-sem @i+
“um = 47 (Im)!

—m)! =
Z Py, (cos 8,) cosma,
net (3.2)

2= 8om) 2L+ 1) (L —m)! v _

Sim = 2 ()] Z Py (cos 0,) sinmg,
n=1

Here 6, is the colatitude of object of interest n and ¢,, is the longitude of the same object. The
objects can be anything worth studying, but for this Thesis they are the locations of hotspots; for more
details on how the equations in this section are applied to the subject of this Thesis, see Section 3.3
on page 13. N is the total number of objects (hotspots in the case of this Thesis). This equation is a
copy of Equation 2 from Kirchoff et al. (2011)

The spherical harmonic coefficients can be used to find the spectral power S? of the distribution
being studied:

l
4
2 2 2
= ¥alTD ZO (cim? + Sim?) (3.3)
m=

This is a copy of Equation 3 from Kirchoff et al. (2011). The spectral power is used to determine
if there is a strong signal at a harmonic degree [. A completely random distribution of objects on a
sphere will produce a spectral power at all degrees equal to 1. So a value different enough from unity
indicates that there is a physical process behind the distribution. To find whether this difference from
unity is large enough, the standard deviation at each degree is used to determine whether the signal
is statistically significant. This standard deviation is given by:

2y »
= INQI+D (3.4)

This is a copy of the in-line equation in the first paragraph on page 4 of Kirchoff et al. (2011). The
standard deviation per degree is an indication of the likelihood the spectral power is the result of a non-
random distribution of points (hotspots) at that harmonic degree [. A spectral power equal to positive
or negative 1ag; equals + 68% confidence the distribution is non-random, at positive or negative 2g;, it's
95% confidence, etc.

Using Equations (3.1) and (3.2) the spherical harmonic field can be calculated for each degree,
and with Equations (3.3) and (3.4) the strength of the signal for a certain degree and the likelihood of
it being caused by a non-random physical process can be determined. For the complete picture one
would need to run the spherical harmonic analysis up to infinity, but obviously this is impractical. For
this Thesis there is a practical limit due to the fact only signals caused by lo’s internal processes are
of interest, meaning only long wavelengths are relevant. It is possible to translate from wavelength to
harmonic degree, because the moons circumference is related to the wavelength of a harmonic degree
via:

Here R is the radius of lo and 2, is the wavelength at degree [. To satisfy the long wavelength
requirement the spherical harmonic expansion is truncated at the last degree greater than or equal to
the order of magnitude of the radius of lo, so at 1000 kilometers, which turns out to be at [ = 11. Section
5.2 on page 21 goes into more detail on why this harmonic degree can be set to a higher degree without
significantly changing the conclusions.

For the purposes of this Thesis the equations given by Kirchoff et al. (2011) are slightly modified
similar to what is done in Section 2.3 of van Sliedregt (2020). For the spherical harmonic coefficients,
the normalization is adapted such that the value of C,, is equal to the average number of data points
per unit area of a unit sphere (Cy, = N/4m). So the new versions of the spherical harmonic coefficients
are now given by:
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This, in turn, changes the equation for the spherical harmonic field. However, an additional change
is made to this field to ensure the unit of the field is the number of hotspots per square kilometer (km=2).
This allows for convenient interpretation of results in Chapter 5. Additionally, the average number of
points per square kilometer is then easily determined by finding the value of the field f;,, at degree
and order O (that field is a constant value). This additional change is achieved by dividing the whole
equation by the square of the radius of lo:

1 [@2=38pm) @L+1D) 1A -m)! _
fim (6,9) = F\/( om) ((lm-l)-! y-m Py, (cos 0) (¢cpyp cOs mep + spqp, Sinme) (3.7)

R is the radius of lo. Comparing this equation with Equation (3.1) shows that the result of changing
the spherical harmonic coefficients is the removal of the 4 term under the square root.

The equation to find the spectral power has to be adjusted as well to ensure a random distribution
of objects on a sphere still results in a mean of unity for the spectral power for all degrees. So Equation
(3.3) is replaced by:

. G’

L= N@I+D (cim? + s1m?) (3.8)
m=0

The standard deviation given by Equation (3.4) remains unchanged. While the division by the radius
of lo could have been included with the normalization of the spherical harmonic coefficients, allowing
one to find the average number of points per square kilometer by simply looking at the c,,,, coefficient
at degree and order 0, by not doing this, the coefficients are easier to parse by eye. On a related note,
this change would then also have to be included in the calculation for the spectral power, but this will
then lead to the exact same result as obtained by the equations above. So the radius is only included
in the normalization for the field, mostly as matter of convenience.

3.2. Weighted spherical harmonics

One of the goals of this Thesis is to incorporate the intensity measured at hotspots when performing
a spherical analysis. In order to do this weights are added to each hotspot, and these weights are the
measured intensity in gigawatts (GW). The equations for spherical harmonics with weights are taken
from Kirchoff et al. (2011), just like the equations for spherical harmonics without weights.

The weighted spherical harmonic coefficients are created by combining information from the second
paragraph on page 4 and Equation 2 from Kirchoff et al. (2011):

@ = 84m) 2L+ 1) (L = m)! Tn_y WPy (cOS 6,,) cOs M,
wim = 47 (Im)! Z::l w,

(3.9)

J(z — Som) L+ 1) (L= m)! 5" WPy (cOS 0,) sinmepy,
Sw,im = N
41 (Im)! Y W,

Here ¢y 1., and sy, 1, are the weighted spherical harmonic coefficients. W, are the weights, which
in the case of this Thesis is the measured intensity at each volcanic location. For more information on
variables not detailed in this section, refer to Section 3.1.

The spherical harmonic field with weights, fy, ;,,,, is derived from the second paragraph on page 4
and Equation 1 from Kirchoff et al. (2011):
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The weighted spectral power, Sﬁ,‘l is derived from Equation 3 and information form the second
paragraph on page 4 of Kirchoff et al. (2011):

4 (ZN w )2
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The standard deviation at degree [, oy, is given by Equation 4 from Kirchoff et al. (2011):

N N
Oy = 7 > (-8 wiwi (3.12)
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Like the unweighted spherical harmonic equations, the weighted equations are adapted similar to
Section 2.3 of van Sliedregt (2020). The normalization of the weighted spherical harmonic coefficients
are changed so that the average number of data points per unit area of a unit sphere is given by
Coo = N/4m. As a result the adapted weighted spherical harmonic coefficients, ¢y, i, and sy, ., are:

1 @2 =60m) L+1) (L —m)! ©
- —m):
Cwim = E\/ o 47 (Im)! nZ W P (cos 8,) cosmey,

(3.13)
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The weighted spherical harmonic field, fy,,,, is adapted to take into account the changes to the
weighted spherical harmonic coefficients. It is further altered to have the unit of (GW /km?) by dividing
it by the square of the radius of lo, and removing the sum of all weights in the divisor. Thanks to these
additional alterations the resultant field is in a unit that allows for easy interpretation in Chapter 5. As
an added bonus the average power per square kilometer is easily determined by finding the value of
the field fy, 1, at degree and order O (that field is a constant value). As a result of the above mentioned
alteration the new equation for the weighted spherical harmonic field is:

— |
furam 0,8 = j @ don) Bt QI (cos ) (cwm cosmep + sy sinm)  (3.14)
7 (Im)!
As mentioned earlier in this section, refer to Section 3.1 for more information on variables not de-
tailed here.
Due to the changes in the weighted spherical harmonic coefficients, the weighted spectral power,
Sy 1, is changed as well:

2 N 2

(4m) (Sne W)

S = NQI+D (cwim® + swim?) ~—y——5— 5
m=0 Zn:l WTL

(3.15)

The only change to the weighted spectral power is to ensure that the power at each degree for a
random distribution of points a sphere is equal to unity. To check whether the difference from unity
in the weighted spectral power is significant, the standard deviation per degree is calculated using
Equation (3.12). The relation between harmonic degree and wavelength given by Equation (3.5) applies
unchanged to the weighted equations.
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3.3. Implementing the equations numerically
Now that the theoretical base has been established this section will describe how these equations are
applied to the hotspot distribution of lo.

In order to calculate the spherical harmonic field, the spherical harmonic coefficients given by Equa-
tion (3.6) have to be calculated first. The Legendre polynomials are calculated using the ’pIlm’ Matlab
function created by Sneeuw (Sneeuw, 1994). So the remaining inputs are the location of all hotspots,
which are given in (or converted to) colatitude 6,, and longitude ¢,,, and the maximum harmonic de-
gree [ up to which the spherical harmonics will be computed. l10’s hotspot distribution only consists of
several hundred locations (see Section 5.1), so the coefficients are calculated incredibly quickly even
up to a fairly high degree of 30. This number is chosen rather arbitrarily, but it is well beyond any long-
wavelength signals. Any excess information based on the optimal cut-off point can be easily ignored
or discarded later.

With the spherical harmonic coefficients known, the spherical harmonic field f;,, is calculated for
each degree [ and order m up to the cut-off value for [. Afield is defined as a set of 181 x 360 points, one
for each degree of latitude and longitude (181 for latitude, to ensure both poles are included). These
fields are then combined and saved for each harmonic degree, to be plotted or otherwise processed
later. Using the spherical harmonic coefficients, the spectral power (Equation (3.8)) and corresponding
standard deviation (Equation (3.4)) can also be determined.

In order to take into account the hotspot intensities, the spherical harmonic equations with weights
from Section 3.2 are used. The process is very similar, but instead of supplying only the colatitude
6, and longitude ¢, the intensities are supplied as W,. By substituting these into Equation (3.13)
the weighted spherical harmonic coefficients are calculated. With the weighted spherical harmonic
coefficients known the spherical harmonic field can be calculated using Equation (3.14), the spectral
power using Equation (3.15) and the standard deviation using Equation (3.12).

Now that the data up to a degree much higher than needed for long wavelengths is present (har-
monic degree 30 corresponds to a wavelength of only + 382 (km), a.k.a. 1/30 of lo’s circumference),
the optimal degrees to find long wavelength signals can be determined. This is discussed further in
Section 5.2 on page 21.






Verifying the weighted and unweighted
spherical harmonic expansion

This chapter includes some tests to check if the spherical harmonic expansion works as intended for
data with and without weights. The unweighted spherical harmonics are tested in Section 4.1 by com-
paring one of the data sets detailed in Section 5.1 on page 17 with existing published results. In Section
4.2 on page 16 the weighted spherical harmonic code is verified by adding equal weights to the data
set used for the unweighted data to ensure the produced field has the same pattern, and that adding a
lot of weight to one point distorts the field towards that point

4.1. Test results for an unweighted spherical harmonic field

-
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(a) Reference data. (b) Difference with van Sliedregt (2020).

Figure 4.1: A comparison of the spherical harmonic field for Reference data and for the data from van Sliedregt (2020) at harmonic
degree 6. The Reference data is the same as the data from van Sliedregt (2020), except that the Reference data is updated
using the lo GIS database from Williams et al. (2021). Subfigure (a) shows the spherical harmonic field at degree | = 6 for the
Reference data, and subfigure (b) shows the difference between the spherical harmonic field of the Reference data shown in
(a) and Figure 2.9 from van Sliedregt (2020). The colorbars are different so the patterns in the field are clearly visible for both
subfigures. The anti-Jovian point is in the center of the images at 180 °W.

One of the data sets described in Section 5.1 on page 17 will be used for testing the unweighted
spherical harmonic expansion, because that data set is nearly identical to one used in the Thesis by van
Sliedregt (2020). This data set is called the Reference data. The main difference, as also detailed in
Section 5.1 on page 17, is that data obtained from Veeder et al. (2015) used to construct the Reference
data has been updated using the lo GIS database (Williams et al., 2021). The difference between van
Sliedregt’s data set and the Reference data is the removal of 6 points and the addition of 2 new ones.
Figure 4.1 shows the spherical harmonic field at harmonic degree [ = 6; Figure 4.1a is created using
the Reference data set from this Thesis, and the difference between this field and the field in Figure
2.9 (also degree 6) from van Sliedregt (2020) is shown in Figure 4.1b. A visual comparison between
Figure 2.9 from van Sliedregt and Figure 4.1a shows they are very similar, and indeed Figure 4.1b
shows that the only differences are at the locations that are different between the Reference and the
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data set used by van Sliedregt. The difference in magnitude of the signal in both subfigures highlights
why the difference between Figure 4.1a and Figure 2.9 from van Sliedregt is near impossible to spot
by eye, but also nicely confirms that the code used to generate the spherical harmonic expansion, and
by extension these figures, is working correctly.

4.2. Test results for a weighted spherical harmonic field

In this subsection the correctness of the code calculating the spherical harmonic expansion with weights
is checked. This is done using two tests. For the first test artificial weights are added to the Reference
data, these weights are the same for all points. The second test involves adding more weight to a
singular point. For the first test, weights of 1 are chosen for convenience. The resulting field should be
identical to the unweighted data set at each degree with the way the weighted field is calculated. For
the second test, adding more weight to only a single point should result in the spherical harmonic field
centering around that point at high enough weights.

30W 300W 270W 240W 210W 180W 150W 120W 90W 60W 30W

(a) Uniform weights of 1 (GW). (b) One weight is 100 (GW) instead of 1 (GW).

Figure 4.2: The weighted spherical harmonic calculations are tested by adding uniform weights to an existing data set analyzed
using spherical harmonics, as seen in subfigure (a). This has the same shape as Figure 4.1a for the unweighted spherical
harmonic field, so is accurate. Subfigure (b) shows the second test, where a single point with higher weight should distort power
in the existing field towards itself. The colorbar for (b) is different from (a) to highlight the loss of detail for the rest of the field
in subfigure (b). Both fields are for harmonic order 1 = 6. The black dots are the hotspot locations for the Reference data. The
anti-Jovian point is in the center of the images.

The results for the first test can be seen in Figure 4.2a. Clearly this is the same field with the same
values as Figure 4.1a. The units are different between both field, because the assigned power is set
to be 1 (GW). The weights could, of course, be unitless, resulting in the weighted and unweighted field
having the same unit, but only power is used for weights in the rest of this Thesis, so that is also used
here.

The results for the second test are shown in Figure 4.2b. Here, a single point has been given a
weight of 100 (GW). This number is set to be large relative to the total weight of all points, so that a
significant effect may be observed in the spherical harmonic field. For example, a weight of 2 (GW)
compared to the total power would not have made noticeable difference as that point contains only
2/791-100% = 0.25% of the total power; using a 100 (GW) means this point contains 100/890-100% =
11% of the total power. In Figure 4.2b the impact of this weight is very apparent, because most power
is now concentrated at the heavily weighted point close to the North pole instead of near the equator.
Seeing as adding uniform weights of 1 (GW) produced the same result as the unweighted data (barring
a unit change) and adding more weight to a point shifts the signal to that point, Figure 4.2 indicates that
the weighted spherical harmonic expansion including weights is functioning as intended.



Applying (weighted) spherical harmonics
to lo’s hotspot observations

In this chapter the equations from Chapter 3 are applied to l0’s hotspot distribution, and the results for
the spherical harmonic expansion with and without weights are compared to the existing end-member
models of lo’s interior, which were discussed in Section 2.2 on page 4. Section 5.1 describes the data
sets used to generate the spherical harmonic fields. Section 5.2 on page 21 goes into detail about
how the optimal maximum harmonic degree for study is selected. Section 5.3 on page 25 shows the
results of the spherical harmonic expansion for the hotspot distribution, split into the spherical harmonic
field and the distribution of points along the latitude and longitude. Section 5.4 on page 27 is similar to
Section 5.3, but for the spherical harmonic expansion for the hotspot distribution including the hotspot
intensities. Section 5.5 on page 29 compares the weighted and unweighted results with each other.
Section 5.6 on page 30 highlights the similarities between the Veeder2015 and Davies2024 data sets.
Section 5.7 on page 31 goes into detail about how the result of the spectral power for the weighted data
compares to the spectral power of the unweighted data and what the impact is on the model outputs
of the weighted spherical harmonic expansion.

5.1. Selection of data sets

This Thesis is a continuation of a specific part of van Sliedregt’s Thesis (van Sliedregt, 2020), namely
the spherical harmonic analysis. To that end, this section will recap the data sets used by Sliedregt,
how they were processed, how they are used for this Thesis, as well as what new data is used here.

It would be ideal to have a single data set containing all hotspots on lo, however the different in-
struments used for observing lo mean that observations of a hotspot from one instrument may of may
not overlap with another due to measuring different qualities and measuring them at different times.
Alternatively, observations of one hotspot may have overlap with a different relatively close by hotspot.
Additionally, the post-processing of obtained data can be done in different ways depending on what
exactly one is looking for, which in turn can lead to differences in the final results between different
works. As a result of this there exist many different data sets with differing amount of hotspots. For
example, one work may focus specifically on dark patera (Veeder et al., 2011) (i.e. current or recently
active hotspots that are warm enough to prevent sulfurous compounds from settling on top of them),
while another using different instruments looks at thermal emissions in the infrared (de Kleer et al.,
2019b); these data sets are bound to have some overlap. To combine data sets to create a larger data
set, it is necessary to filter out overlapping data points, to avoid a single hotspot being represented
twice. This leads to the creation of a combined data set that filters out duplicate hotspots referred to in
this Thesis as the 'Reference’ data.

Unfortunately, not all data subsets that compose the Reference data include the hotspot intensity,
so in order to be able to use that an additional data set is needed. That is where the paper from Davies
et al. (2024) comes in, because this contains 343 hotspots and intensity data is available for all of
them. Data from this article is referred to as the 'Davies2024’ data set, which can be used both with
and without intensities to compare it with the Reference data. There is one data set used to create the
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Reference data that does have the intensity of each hotspot included, and that is the data from Veeder
et al. (2015). However, because that is a precursor of the Davies2024 data, this data set is used only
in support of the other two main data sets in this Thesis.

Of the two main data sets used in this Thesis, the Reference data is only used for the unweighted
spherical harmonics, and the Davies2024 data is used for the weighted and unweighted spherical
harmonics. To a lesser extent, a modified version of the Veeder2015 data is used as well. The three
data sets just mentioned are treated in greater detail in their own subsection later on in this section.

Table 5.1: This is an overview of the data sets used for this Thesis. For each data set the instruments used to compile them
have been marked.

Sources from the second column onward: Hamilton et al. (2013), the third column refers specifically to the N = 529 paterae data
set from Hamilton et al. (2013), Veeder et al. (2015), de Kleer et al. (2019b) and Mura et al. (2020). After the second vertical line
the two main data sets used in this Thesis are listed: the Reference data is combination of the five sources mentioned to its left,
and the Davies2024 data is based on the information from Davies et al. (2024).

Carrier and Instrument t i H. Hamilton - Paterae  Veeder2015 deKleer Mura | Reference data Davies2024
Voyager — Imaging Science Subsystem (ISS) X X X

Voyager — InfraRed Interferometer Spectrometer (IRIS) X
Gallileo — PhotoPolarimeter-Radiometer (PPR) X
Galileo — Solid State Imager (SSI)

Gallileo — Near Infrared Mapping Spectrometer (NIMS)

Hubble Space Telescope —

Near Infrared Camera and multi-Object Spectrometer (NICMOS)
New Horizons — LOng Range Reconnaissance Imager (LORRI)
New Horizons — Linear Etalon Infrared Spectral Array (LEISA)
Casini - ISS

Juno — Jovian InraRed Auroral Mapper (JIRAM) X
Keck Observatory — Near-Infrared Camera, Second Generation (NIRC2)
with Adaptive Optics (AO)

Gemini N Observatory — Near-InfraRed Imager (NIRI) with AO X
Mauna Kea Observatory — National Aeronatics and Space Administration (NASA)
InfraRed Telescope Facility (IRTF)

X

X X X X

X

X X X XXX

x
X X X XXXX X XXXX

X X X XXX

Table 5.1 gives an overview of the data sets relevant to this Thesis and the scientific instruments
used to obtain the data; Section 2.1 on page 3 goes into more detail on the instruments. The data
sets utilized by van Sliedregt are listed in columns 2 to 5 of this table, and the last two columns are
unique to this Thesis. The Hamilton data set (Hamilton et al., 2013) is split into two, one contains the
observed hotspots and the other the observed paterae. Hotspot data refers to locations of positive
thermal anomalies while paterae are caldera-like depressions indicative of volcanic activity over longer
timescales. The Veeder2015 data set (Veeder et al., 2015) has been updated for this Thesis to take
into account new information on the intensity of several detections (Williams et al., 2021) that was not
yet available at the time of van Sliedregt's Thesis. The de Kleer (de Kleer et al., 2019b) data set only
has ground-based observations, and the Mura (Mura et al., 2020) data set focuses on data from Juno.
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(c) Veeder2015 data set.

Figure 5.1: The locations of all volcanic centers for the three main data sets used in this Thesis. (a) shows the Reference data
locations after filtering; see Table 5.1 on page 18 for the constituent data sets. (b) Shows all locations from the data set from
(Davies et al., 2024). (c) shows all locations from (Veeder et al., 2015) excluding outburst eruptions. The color mosaic of lo is
from Williams et al. (2011), and is created by combining Galileo SSI with Voyager ISS data.
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5.1.1. Reference data

As mentioned earlier in this section the Reference data is not just a direct combination of all of the
aforementioned data sets, because there would be a lot of identical, or close to identical, points. To
avoid this, the constituent data sets are filtered according to the flowchart shown in Figure 5.2; this
process is the same as the one used by van Sliedregt albeit with the Veeder2015 data set modified to
include more up-to-date information available from the lo GIS database (Williams et al., 2021). Due
to this update, the Reference data is slightly different from the final data set used by van Sliedregt. A
comparison of the filtered data used by van Sliedregt and the Reference data from this Thesis can be
found in Section 4.1 on page 15.

Hamilton
paterae

Veeder Paterae Error bar
data data

Filtered Filtered
paterae error bar
L data | data

Hamilton
hotspots

Non-error
bar filtered
data

Filtered
data

Reference
data

Figure 5.2: This chart shows the general process of creating the Reference data.

Figure 5.2 shows the general process used to create the Reference data; in this paragraph this
process will be described in detail. For both the Hamilton Paterae data and the Veeder2015 data the
effective radius is given for each point, so these data are compared with each other to check if they
have overlapping hotspots, which are then removed (each hotspot has a corresponding area, which for
simplicity is assumed to be circular during filtering). This is done by comparing the distance between
two patera, and if it is smaller than both of their effective radii then it is assumed they refer to the same
point and the point with the highest colatitude is removed. After this step the remaining points are
filtered against the locations from the Hamilton Hotspots. The Hamilton Hotspots data is assumed to
be perfectly accurate due to a lack of information on the uncertainty of their location, so if a Hamilton
Hotspot is located within the effective radius of the previously filtered data, then the Hamilton Patera or
Veeder hotspot is removed and the Hamilton hotspot is maintained. For the deKleer and Mura data the
standard deviation in longitude and latitude is available for all points, so these sets are filtered against
each other. The standard deviations are used to draw an ellipse around each point, and if the overlap
from two ellipses at the 30 confidence interval (a.k.a. there is a 99.7% chance that the estimation
of a location is correct) contains both volcanic centers, then the point with the largest uncertainty is
removed. Now one last process compares the results of the Hamilton Hotspot, Hamilton Paterae and
Veeder2015 filtering processes with the remaining points from the deKleer and Mura data. If one of the



5.2. Selecting the best harmonic degree for comparing the data 21

points from the Hamilton or Veeder sets is located within an ellipse from the deKleer and Mura data,
then the deKleer/Mura point is removed. After the final step 690 hotspot locations are left, and these
are shown in Figure 5.1a on page 19. The same procedure is used by van Sliedregt in his Thesis (van
Sliedregt, 2020) and he finds 794 hotspots. This difference is solely due to changes to the Veeder2015
data set, because this data set is updated for this Thesis with the inclusion of new information from
the lo GIS database (Williams et al., 2021). Using the information available to van Sliedregt at the
time of his Thesis produces the same filtered data. Section 4.1 on page 15 demonstrates that the only
difference between the Reference data from this Thesis and Duncan’s data set is the six points that
are different between the two.

5.1.2. Davies2024 data

The Davies2024 data set is fairly self-explanatory as it contains all 343 points mentioned in the article
from Davies et al. (2024). This data set is used unmodified for both weighted and unweighted spherical
harmonics, with one exception. Given Loki Patera’s exceptional nature, with it being responsible for
+ 10% of lo’s total heat output (Veeder et al., 2012), a weighted spherical harmonic analysis of the
Davies2024 data without Loki Patera is included in this chapter. The 343 locations of the complete
Davies2024 data set are shows in Figure 5.1b on page 19.

5.1.3. Veeder2015 data

The Veeder2015 data set as a stand-alone data set, is different from how it is used in the Reference
data. Of the Reference data constituents this is the only data set that has the intensity available for
all points. As such this data is compared to the Davies2024 data in Section 5.6 on page 30. The
Veeder2015 data is also used in Section 5.2 to help determine the most suitable harmonic degree to
study. In order for the comparison with the Davies2024 to work, one change is made to this independent
Veeder2015 data set, and that change is the removal of outburst detections. This reduces the amount
of points in this data set from 250 to 242. The outburst detections have to be removed, because
while they are incredibly powerful events they are also very transient compared the other hotspots,
contributing only about 2% to lo’s yearly heat flow budget (Davies, 2008). Whenever the Veeder2015
data set is mentioned in this and following chapters this data set without outbursts is meant, unless
it is specifically mentioned to be the data used to create the Reference data. The 242 non-outburst
locations are shown in Figure 5.1c on page 19.

5.2. Selecting the best harmonic degree for comparing the data

In this section the way the optimal harmonic degree is selected will be explained. See Chapter 3 starting
on page 9 for the equations used to calculate the spherical harmonic field for each degree. For clarity,
if a field is only referred to by its harmonic degree, then this refers the sum of all fields for all degrees
(1) and orders (m) up to and including the mentioned harmonic degree.

The best fitting field, created be Equation (3.7) (and Equation (3.14) for the weighted spherical
harmonics), is reached at an infinitely large degree and order. This isn’t very practical, but given that
the desired result from the spherical harmonic expansion is to find long wavelength signals, some upper
limit can be placed on the number of degrees to examine. This is done by rewriting Equation (3.5) as
[ = 2mR /A, so the degree [ can be calculated for a given wavelength. This wavelength, as mentioned,
has to be a long wavelength, otherwise it can’t be directly related to global heat flow processes in the
interior of lo. There isn’t any existing limit defined for this, so a first approximation of this limit is taken to
be the wavelength where it becomes smaller than the order of magnitude of the radius of lo. To connect
numbers to this statement, the radius of lo R is 1821.6 (km), so any degree with a wavelength below
1000 (km) is assumed to have a wavelength too short to correspond to a signal related to global heat
flow based processes. This comes out to be all degrees greater than [ = 11 (as a first approximation).
This choice for the upper limit will be examined further later in this section.

Now that an upper limit is established, all that remains is to determine which of the remaining har-
monic degrees is the best one to use when looking for long-wavelength signals. One method that has
been used before is to look at the spectral power for each degree as determined by Equation (3.8), see
for example Kirchoff et al. (2011), which finds a statistically significant degree 2 signal in the distribution
of volcanic centers. This strong degree 2 signal can also be found, albeit in a different way, in papers
such as Veeder et al. (2012) where their model shows two maxima across lo’s longitude. This strong
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(a) Spectral power for the Reference data. (b) Spectral power for the Davies2024 data.

Figure 5.3: Spectral power for the unweighted spherical harmonic expansion for the Reference and Davies2024 data sets. Up
to degree 30 is shown to give an indication of the behavior at shorter wavelengths.

degree 2 signal is also found in the data sets used in this Thesis for the unweighted spherical har-
monics when examining their spectral power. See Figure 5.3 for the spectral power of the distribution
of volcanic centers for several harmonic degrees. Both the Reference data and the Davies2024 data
show a peak at harmonic degree 2, although the peak for the Davies2024 could still be attributed to
random chance. This prevalence of a degree 2 signal in existing literature means this is one of the
harmonic degrees that will be studied further in this Thesis.
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Figure 5.4: Spectral power of the weighted spherical harmonic expansion for the Davies2024 data. Up to degree 30 is shown to
give an indication of the behavior at higher degrees.

Unfortunately, this method of selection does not hold up for the weighted data (the data with intensi-
ties per hotspot included). As can be seen in Figure 5.4 there is not a single clear peak at any degree,
instead the normalized spectral power is high at all degrees. It is also far beyond the 3¢ boundary
(which is barely visible at the bottom-left). With such massive differences between the weighted and
unweighted data for the spectral power, a different method of comparison will be used to find the opti-
mal harmonic degree to avoid a potentially unfair comparison. Section 5.7 on page 31 goes into more
detail on the implications of the shape of Figure 5.4.

As an alternative to using the spectral power to find the best harmonic degree, consider that the
harmonic expansion produces fields that fit the given data for a certain amount of degrees of freedom
(based on the harmonic degree 1), so if this field could be more directly compared to the points used
to generate it, then this can be used as an alternative quantitative measure of the spherical harmonic
analysis’ accuracy. The spherical harmonic expansion produces fields as a set of points defined by
their latitude and longitude, so if one divides this field into bins along the latitude and longitude, and
integrates the values in that bin then the result (if normalized) can be compared to a summation of all
the observations (again, if normalized) for those same bins. The difference between the observations
(summed per bin) and the model (integrated per bin) for a given harmonic degree is used as an indi-
cation of how well the model fits with reality at that degree. This process is explained in more detail
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below.
For the observations:

1. Divide the latitude/longitude into 30° bins (6 for latitude, 12 for longitude).
A size of 30° is chosen to ensure bins don’t end up empty and to allow a direct comparison with
the articles by Davies and Veeder (e.g. Davies et al. (2024)).

2. Add all hotspots to the appropriate bin for both the latitude and the longitude.
The result is that each bin contains the total number of hotspots contained within those 30°.

3. Normalize the number of hotspots per bin by dividing each bin by the total number of hotspots.
Each bin now contains the fraction of the total number of hotspots.

For the spherical harmonic expansion (the model) at harmonic degree [:
1. Divide the latitude/longitude into 30° bins.

2. The spherical harmonic field is defined to have 1 point at each degree, so to ’sort’ this into bins it
is necessary to integrate the field between the relevant latitudes and longitudes. For example, the
latitude bin from -60 °N to -30 °N contains all field values from -60 to -30 °N across all longitudes;
and the longitude bin from 240 °W to 270 °W contains all field values from 240 to 270 °W across
all latitudes.

(a) However, this does not take into account the varying area of the bins. Each point of the
field represents a 1° x 1° area of the surface of lo, and this area changes when the latitude
increases or decreases. So a correction factor has to be applied when integrating across
multiple latitudes. This area-correction factor is calculated using Matlab’s areaquad function;
this function calculates the area on a sphere and so is perfectly suited for the task.

3. Normalize the density per bin by dividing each bin by the total field density, obtained by summing
all bins, because that includes the latitude area-correction factor discussed in the subpoint above.
Each bin now contains the fraction of the total field density.

Both the observation and model derived parameter (values in the bins) are now unit-less and by
subtracting them a quantitative difference between the model and the observations can be calculated.
The sum of the absolute values of these differences across all latitudes or longitudes indicates how
well the model at harmonic degree [ fits the observations for the latitude or longitude, respectively.
Some loss of information due to compressing the spherical harmonic field into a single point per bin is
inevitable, but this does allow an alternative quantitative comparison between the models generated by
the spherical harmonic expansion and the observations, instead of the spectral power. By performing
the above calculations across all harmonic degrees of interest one can compare these results and find
the degree that has the smallest difference and is therefore the best fit to the data. In our case this
range of interest is from degree 0 to 11, though higher degrees up to [ = 30 will be included to check
the behavior of spectral power at higher degrees and whether [ = 11 can be kept as a permanent upper
limit.

For the weighted spherical harmonics the process is identical, except for the observations the emit-
ted power per bin is calculated instead of the number of hotspots, and for the spherical harmonic model
the power density is calculated instead of the point density (the process is the same).

Figure 5.5 on page 24 shows an example of the final result for the Davies2024 data, where Figure
5.5a shows the differences between the observed data and the model for the unweighted data (without
hotspot intensity), and Figure 5.5b shows the differences between the observed data and the model
for the weighted data (including hotspot intensity). One can see the latitude and longitude differences
start stabilizing at higher harmonic degrees, with the latitude differences stabilizing especially quickly.
Evaluating the choice of [ = 11 as an upper limit, Figure 5.5 (which is representative of the other data
sets used in this section) shows that the difference between consecutive harmonic degrees is small at
this point when checking the latitude distributions. The longitude distributions still shows the occasional
stronger change, but the higher harmonic degrees directly after 11 show fairly little change. As will be
discussed in Section 5.4, the weighted data, which shows larger changes for higher degrees, focuses
around Loki Patera at degrees starting as low as (arguably) 2 and 4, with the signal focusing more and
more around that point at even higher degrees. This means that going to degrees even higher than 11
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will not show new information. So as an upper limit for the degrees of interest [ = 11 is a reasonable
choice.
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Figure 5.5: Difference as described in the main text between the input data (observations) and the model (spherical harmonic
field), for both the latitude and longitude, for each harmonic degree, for the Davies2024 data. Degrees up to 1 = 30 are included
to show behavior at higher degrees. (a) shows the difference for the unweighted spherical harmonic expansion, so only based
on the location of the hotspots. (b) shows the difference for the weighted spherical harmonic expansion, so based in the intensity
distribution of the hotspots.

The best harmonic degree, without further constraints, would be at an infinitely large degree, as
that results in the perfect fit to the data. A tentative upper limit of [ = 11 has been established for
low degrees. However, because the fit between the model and observations gets better with higher
degrees (generally speaking, local increases may occur), this may result in 11 becoming the best fit
for several cases. For example, in Figure 5.5 one can see that the best fit is at [ = 11 for the longitude
difference for the hotspot count/density (5.5a) and the hotspot power/power density (5.5b), when taking
into account the upper limit of 11. To avoid this, instead, the best local minimum difference no larger
than [ = 11 is used, because for a small range of degrees this local minimum is the best fit, and it avoids
the minimum moving towards higher degrees. As mentioned earlier, higher degrees do not produce
new information, so those are to be avoided. These best local minima are calculated for the Reference
data, Davies2024 and Veeder2015 without weights; and for the Davies2024 data, Davies2024 data
excl. Loki Patera and the Veeder2015 data with weights. The result, for each data set, is shown in
Table 5.2.

Table 5.2: An overview of the harmonic degree with the smallest differences between the input data and the field generated by
the harmonic expansion.

Data set Best local minimum, latitude Best local minimum, longitude

Reference data

Davies2024, unweighted

Veeder2015, unweighted

Davies2024, weighted

Davies2024 excl. Loki Patera, weighted
Veeder2015, weighted

NANPOD
o oo~ h

Table 5.2 is used to find the best harmonic degree for the latitude and longitude. For the unweighted
data, regardless of the data set being considered, the best degree for both the latitude and longitude
is at harmonic degree 4 or 5. For the weighted data sets the best local minimum is at degree 2 for the
Davies2024 and Veeder2015 data, in fact they have the same minima for both longitude and latitude.
This isn’t entirely unexpected seeing as the Davies2024 data set is built on the Veeder2015 data, with
corrections and more recent detections. The Davies2024 data without Loki Patera has the best local
minimum at harmonic degree 4, which for the complete Davies2024 is a weak local minimum, and is
completely absent as a minimum in the Veeder2015 data. The harmonic degree 2 has already been
selected a degree of interest at the beginning of this section, because of this and the prevalence of
degree 4 as the best local minimum for the latitude, harmonic degree 4 is selected the best option for
the latitude. For the longitude the most prevalent local minimum is at degree 5, but this is very close to
degree 4 and because having the same degree for both latitude and longitude is convenient, harmonic
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degree 4 is selected as the best option for the longitude as well as the latitude.

5.3. Spherical harmonics applied to hotspot locations

In this section the result of applying the spherical harmonic expansion, as discussed in Section 3.1 on
page 9, to lo’s hotspot distribution is shown. These results will also be compared to existing interior
models of lo mentioned in Section 2.2 on page 4. Recall that the deep mantle model results in high
emitted power at the poles and low power at the sub- and- anti-Jovian points, the asthenospheric
heating and magma ocean model have low heat emitted at the poles and more at the equator, the
asthenospheric model has the highest heat flow offset slightly to the north and south of the sub- and-
anti-Jovian points, and the magma ocean has the highest heat flow offset along the equator away from
the sub- and- anti-Jovian points. Subsection 5.3.1 contains the spherical harmonic fields produced
using the hotspot distribution. Subsection 5.3.2 on page 26 highlights the latitudinal and longitudinal
distribution of the number of points, and the point density derived from the spherical harmonic fields.

5.3.1. The spherical harmonic fields of the hotspot locations

The two data sets used in this section are the Reference data, which is a filtered data set composed
from various sources, and the Davies2024 data. For a more detailed explanation of these data sets,
including their sources refer to Section 5.1 on page 17.

The results of the spherical harmonic expansion will be shown for harmonic degree 2 and 4. Degree
2is chosen, because that is the one most relevant for existing papers discussing the hotspot distribution
(e.g. Kirchoff et al. (2011) and Veeder et al. (2012)). Degree 4 is selected based on the selection
prodecure detailed in Section 5.2 on page 21. Figure 5.6 shows the resultant spherical harmonic fields
for the above mentioned harmonic degrees.
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Figure 5.6: The spherical harmonic field at harmonic degree 2 and 4 for the Reference and Davies2024 hotspot distributions.
The black dots are the hotspot locations. The colorbars are different for each subfigure to preserve the maximum amount of
detail for each field. The colorbars between (a) and (c), and (b) and (d) are of different magnitude, because the fields show the
number of hotspots per square kilometer, and the Davies2024 contains fewer hotspots than the Reference data. The anti-Jovian
point is in the center of the images at 180 °W.

Examining the spherical harmonic fields in Figure 5.6 one can see that the degree 2 fields are very
similar for both data sets with two major concentrations of points close to the equator, although the point
of highest density is noticeably shifted north in Figure 5.6¢. The degree 4 fields show more locations
of relatively high density, which is possible thanks to the increase in degrees of freedom, but the point
of highest density still coincides with the highest density at harmonic degree 2. The high density at
approximately 15 °S and 300 °W is present in some form in all subfigures, except Figure 5.6d where it
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is stretched across more latitudes on the southern hemisphere.

Comparing the modeled data shown in Figure 5.6 with existing end-member models summarized in
Table 2.1 on page 6 and shown in Figure 2.3 on page 7, the results show no real similarity to the Deep
Mantle heating model and more with the asthenospheric heating model, due to the points of higher
density being located slightly to the north and south of the equator at the anti-Jovian point, and some
similarity to the Magma Ocean heating model arises from the offset to east of the sub- and- anti-Jovian
point for the locations of highest density.

5.3.2. The latitudinal and longitudinal locations of the hotspots

To visualize how well the fields generated by the spherical harmonic expansion fit to the hotspot ob-
servations, the latitude and longitude are divided into 30° bins for latitude and longitude and all points
falling in each bin are added to each other for the data sets, and for the spherical harmonic fields at
degrees 2 and 4. The spherical harmonic field is composed of 181 x 360 points, 181 points for the
(co)latitude because both poles are included and don’t repeat like the longitudes. By using a separate
y-axis for the number of hotspots per bin and the density per bin an easy visual comparison can be
made. Note that a more direct comparison involving normalizing both these data sets is described in
Section 5.2 on page 21, but is not used further here, because that section already lists the best fits up
to harmonic degree 11 in Table 5.2 on page 24. The figures in this and following sections are purely
for qualitative reference, and to determine the locations of high number of points and density.
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(c) Latitudinal distribution of the Davies2024 data. (d) Longitudinal distribution of the Davies2024 data.

Figure 5.7: This figure shows the hotspot count across latitude and longitude for the Reference and Davies2024 data sets, and
the density distribution (calculated by integrating the spherical harmonic field over each bin) is shown for harmonic degrees 2
and 4.

Examining Figure 5.7 one can see that the point density is very similar to the number of points for
the same latitude and longitude in subfigures 5.7a, 5.7b and 5.7c, with the best fit being degree 4 (as
is to be expected given the results of Section 5.2). The density distribution also fits fairly well with the
number of points per bin for subfigure 5.7d, though here there is a notable difference near the peak
in the 315 °W bin which the spherical harmonic representation doesn’t match very well. The highest
concentration of points on a latitude basis is at the 15 °S bin, due to the highest and second highest
density locations overlapping at that latitude (see also Figure 5.6). For the longitude the spherical
harmonic expansion has trouble fitting the secondary maximum close to the sub-jovian point, but the
primary maximum at approximately 135 °W is matched well by the model, although there is an offset of
30 degrees longitude for the longitude fit of the Davies2023 data. The longitude distribution of points for
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